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1. INTRODUCTION
The aim o f this study is to understand the functional organization o f the postganglionic
neurons o f the sympathetic division o f the autonomic nervous system. The general hypothesis in
this study is that each visceral organ is innervated by a unique subpopulation o f neurons in
autonomic ganglia. I have used the guinea-pig mesenteric circulation and its innervation as a
specific test o f this general hypothesis, I focus on prevertebral sympathetic ganglia, specifically
on the guinea-pig inferior mesenteric ganglion (IMG) that innervates the inferior mesenteric
artery (IMA) and vein (IMV). I investigated the electrophysiological properties o f dissociated
IMG and celiac ganglia (CG) neurons, and I studied the effect o f NO on the CG neurons to test
the sympathetic-sensory integration in prevertebral ganglia.

Bodily functions are governed by the autonomic nervous system. The autonomic nervous
system works in two levels. Some o f the autonomic nervous system is organized for reflex
adjustments o f the end organs and the others for integrative functions. The integration is to
gather the sensory information including consciously as well as not consciously perceived and
send out specific command o f autonomic motor and/or endocrine responses.
There

are

three

divisions

in

the

autonomic

nervous

system,

the

sympathetic,

parasympathetic and enteric nervous system. Most o f the cell bodies lie outside o f the central
nervous system and provide visceral innervation. Even though the activity o f the system is
essentially "autonomic", it is functionally connected to the central nervous system and is not
completely free from voluntary control.
The sympathetic nervous system is made up o f preganglionic and postganglionic neurons.
The preganglionic cell bodies are located in the brain, brainstem and spinal cord and send out
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their axons to the sympathetic ganglia. The sympathetic postganglionic cells lie in three locations
throughout the body: 1) prevertebral (at the origin o f the vessels o f the abdominal aorta,
prevertebral or collateral sympathetic ganglia); 2) paravertebral (bilateral sympathetic chain);
and 3) previsceral (near the pelvic visceral organs) ganglia (William & Barton, 1983). Guineapig abdominal prevertebral ganglia consist o f the CG, superior mesenteric (SMG) and IMG and
collectively these ganglia supply the sympathetic innervation to the abdominal organs and
vasculature (Miolan & Niel, 1996).
The sympathetic nervous system is organized to response global and local homeostasis, to a
broad range o f visceral activity. Global responses o f the sympathetic nervous system activate all
parts of the sympathetic-adrenal system during an extreme emotional or physical event (Jansen et
al., 1995). Thus, in order to obtain a “physiologically appropriate” response ("fight or flight"
responses) to an extreme stimulus the heart rate increases while at the same time there is both
vasoconstriction and vasodilatation in order to redistribute blood flow, and an inhibition of
visceral motility (Toda & Okamura, 1991; Janig & McLachlan, 1992b).
The sympathetic outflow to particular organs is governed in patterns. Some patterns of
innervation o f individual neuronal subtypes in sympathetic ganglia have emerged; these are
consistent with there being a viscerotopic organization o f prevertebral neurons and their synaptic
input (Trudrung et al., 1994; Kreulen & Szurszewski, 1979a; Kreulen & Szurszewski, 1979b;
McLachlan & Meckler, 1989). Experiments have shown that sympathetic neurons that innervate
specific target organs have different responses to certain stimuli; they form functional groups and
at least 12 different functional groups have been classified (Janig & McLachlan, 1992a). They
differ from each other in anatomy, neurochemistry, innervation from other nervous systems,
electrophysiological properties, and other characteristics. Those properties make up their unique
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function-specific pathways from the central nervous system to the final junction in the effectors,
the target organs. The regulation o f specific organs is mediated by function-specific pathways
(Janig & McLachlan, 1992b). This study investigated the guinea-pig prevertebral sympathetic
function-specific pathways from IMG to the mesenteric vasculature and the NO effect on CG
dissociated neurons.

The guinea-pig IMG receives preganglionic innervation from segments T12-L2. The
preganglionic nerves pass through the lumbar splanchnic nerves (rostral to the L5 paravertebral
ganglion), which contain primary afferent SP-IR and preganglionic ENK-IR fibers (Dalsgaard &
ElfVin, 1982). The postganglionic nerves o f IMG are the intermesenteric, colonic and
hypogastric nerves (Miolan & Niel, 1996). The intermesenteric nerves contain VIP-, CCK-, SPand ENK-IR from divergent sources, the colonic nerves which are from the distal colon to the
IMG consist o f VIP-, CCK- and bombesin-IR fibers, and the hypogastric nerves from the pelvic
plexus which are VIP-IR (Dalsgaard et al., 1983). The IMG also receives intestinofugal
innervations from myenteric and submucosa ganglia o f the distal colon, the ganglia o f the pelvic
plexus, in the nodose ganglia, and from the CG and the SCG (Dalsgaard & ElfVin, 1982; Furness
et al., 1990; Appenzeller, 1982).

The prevertebral ganglia are the last stations o f neuronal control to abdominal target
organs, but not simply information distribution and relay points. They are complex neural
networks. They are organized and specialized into subclasses in a manner appropriate to the
effector organ they innervate. They receive preganglionic input v/hich are destined for a
particular organ and they receive sensory information; they are capable o f integrating and
coordinating peripheral reflexes (Szurszewski, 1981; Miolan & Niel, 1996). This process of
integration o f signals modulates the excitability o f postganglionic sympathetic neurons and
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thereby affects the neural control o f the viscera and vasculature. The manner in which these
synaptic inputs govern the neural control o f mesenteric vasculature depends on the source and
neurochemical characteristics o f the input and postsynaptic response.

The prevertebral neurons are functionally distinct, specified as visceral and vasoconstrictor
neurons (Janig & McLachlan, 1992b), their associated nerve fibers contain both afferent and
efferent pathways from the intestines, and they mediate reflexes (Kreulen & Peters, 1986;
Kreulen & Szurszewski, 1979b; Szurszewski, 1981). Numerous studies have revealed functionspecific pathways in abdominal prevertebral ganglionic innervation o f the vasculature and
intestine. The vasomotor neurons, which are speculated to form highly specific neurovascular
transmission pathways to blood vessels, especially resistance vessels, are responsible for
inducing vasoconstriction when excited (Janig & McLachlan, 1987; Kreulen & Keef, 1989;
Janig, 1988).

The mesenteric circulation, which is the biggest single reservoir o f blood available for
augmenting circulating (capacitance) blood volume, is part o f the splanchnic circulation. This
vascular bed plays an important role in homeostasis. By altering the diameter o f the small
mesenteric arteries (<350 pm ) (resistance), the total peripheral resistance will be changed
(Mulvany & Nyborg, 1980; Mulvany, 1990; Mulvany, 1991; Whall et al., 1980; Boegehold,
1998; Nase & Boegehold, 1997). On the other hand, in response to stress or reflex-induced
sympathetic discharge, the mesenteric venous capacitance bed can return over two-thirds o f the
reserve volume o f the splanchnic circulation (Greenway, 1983).

The responses o f resistance (arteries) and capacitance (veins) vessels to sympathetic nerve
activation are, however, fundamentally different. Veins constrict proportionately more and reach
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maximal contractions at lower frequencies than arteries (Bevan, 1978; Kreulen, 1986;
Hottenstein & Kreulen, 1987; Nilsson et al., 1985b). In the mesenteric vasculature, IMV
(capacitance) has 10 times higher sensitivity than IMA (resistance) to low level neural activation,
whether the stimulus is direct sympathetic nerve stimulation (Karim & Hainsworth, 1976) or
indirect activation by baroreceptor (Hainsworth & Karim, 1976) or chemoreceptor reflexes (Ford
e t a l , 1985). The neurogenic differentiation o f resistance and capacitance is a general property of
the vascular system (Nilsson, 1985a; Auer et al., 1983; Auer et al., 1981; Tkatchenko, 1978;
Wyse, 1975; Mellander, 1960).

One o f the mechanisms that has been indirectly demonstrated at the level o f vascular
smooth muscle cells is that the deference o f the responses relate to the neurotransmitter ATP.
Norepinephrine (NE), ATP and neuropeptides are neurotransmitters, the former two appear to be
released from different vesicle populations in sympathetic nerves (Todorov et al., 1994). When a
single shock was applied to postganglionic sympathetic nerve fibers, a purinergic P2x- receptor
mediated fast excitatory junction potentials (fEJP) in mesenteric artery cells can be evoked. By
the same stimulation, no fEJP can be recorded in adjacent mesenteric veins (Kreulen, 1986;
Kuriyama & Suzuki, 1981). On the other hand, when low frequency was applied, slow
depolarization mediated by NE through a-adrenoreceptor can be evoked in vein but not in artery
(Hottenstein & Kreulen, 1987). Both mesenteric artery and vein respond with a rapid
depolarization to exogenous ATP, which strongly suggests the presence o f P2x receptors in the
vein (Hirst & Jobling, 1989).

It is most likely that separate groups o f neurons might innervate arteries and veins and each
o f them has a function-specific pathway. Likewise, paravertebral sympathetic neurons innervate
the vasculature o f the rat hindlimb where arterial and venous neurons are anatomically distinct
5
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(Dehal et al., 1992). My working hypothesis is that the arteries and veins have separate functionspecific pathways, the postganglionic sympathetic neurons have characteristics that are unique to
the pathway they are in and serve as the basis for functional differentiation o f the control of
resistance and capacitance.

The vasomotor systems in particular are divided into many different functional classes and
these can be discriminated by nerve recording and response measurements (Janig, 1988; Janig &
McLachlan, 1987). Physiologically, these different groups do not function as one but rather the
activity o f the neurons in each pathway is governed separately. For example, blood flow to the
abdominal organs is regulated separately from blood flow to the skeletal muscles or to skin
(Janig, 1988). When arterial chemoreceptors (carotid body o f cat) are stimulated, excitatory
responses are recorded from neurons that innervate the blood vessels o f skeletal muscle while
inhibitory response is observed from the neurons that innervate blood vessels o f skin (Janig &
McLachlan, 1992a).

The peripheral reflexes between the intestine and prevertebral ganglia also provide
evidence that there are function-specific pathways. Stimulation o f postganglionic nerves o f CG
inhibits the contraction o f the orad colon, stimulate IMG inhibits the contraction o f caudad colon
(Kreulen & Szurszewski, 1979a). There is an intestino-intestinal reflex from enteric ganglia of
colon to the prevertebral ganglia that is also in orad-caudad distribution. Thus CG receive
synaptic input from mechanosensory neurons located in the orad colon, IMG receives input from
the caudad colon, by distending one segment o f intestine the motility in adjacent part is inhibited
(Szurszewski, 1981).

The function-specific pathways o f the mesenteric vasculature are not clear. To test the
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function-specific pathways from guinea-pig IMG to mesenteric vasculature, I used a preparation
that included IMG and its innervation to segments o f IMA and IMV.

1.1.
interactions

Prevertebral function-specific pathways are formed and maintained by target

The postganglionic neurons in different pathways are formed by adulthood, their
morphological, neurochemical and electrophysiological properties and their location correlate
closely with the distinct pathways that have been characterized by functional criteria. Although it
still remains largely unexplored, certain characteristics associated with the functions o f
prevertebral neurons can be used as coding (Gibbins, 1992; Janig & McLachlan, 1992a) and the
coding might be used to predict function-specific pathways.

On the other hand the morphological, neurochemical and electrophysiological properties o f
post-ganglionic neurons can be retrogradely influenced by trophic factors derived from target
organs (Janig & McLachlan, 1992a). It is known that both adrenergic and cholinergic neurons
are initially adrenergic in the early development. The adrenergic property is suppressed by the
secondary acquisition of cholinergic and peptidergic functions during development as well as in
cell culture in rat sweat glands (Landis, 1990). The trophic factors, which are crucial for
maintaining the neurons that innervate the target organ, include nerve growth factor (NGF),
leukemia inhibitory factor (LIF), ciliary neurotrophic factor (CNTF) (Landis, 1990; Hyatt-Sachs
et al., 1993; Rao et al., 1993; Sun et al., 1994). CNTF and LIF can induce VIP, SP, and SOM
and decrease NPY (Sun et al., 1994), also CNTF increases choline acetyltransferase (ChAT), but
decreases TH (Saadat et al., 1989). LIF increases the concentration o f VIP in cell culture in rat
sympathetic neurons (Sun et al., 1994). Trophic factors also manipulate ionic channels, resting
membrane potential (Em), and input resistance (Rjn) in sympathetic neurons. In cell culture,
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CNTF application increases the occurrence o f delayed rectifier

( I k v ),

which is coordinated with

reciprocal changes in one or more other potassium current(s), for example, IA (McFarlane &
Cooper, 1993). This reciprocal change can also be seen in neurochemical expression in
increasing of ChAT but reciprocal decreasing o f TH (Saadat et al., 1989). Axotomy and cell
culture increase Na+ current (In3) and M current (Im) conductance, decrease Ca++ current (ICa)
and

I kv

in bullfrog and in cultured neonatal rat sympathetic neurons (Jassar et al., 1993; Jassar et

al., 1994), and also decrease IA in cultured neonatal rat sympathetic neurons (McFarlane &
Cooper, 1993; Adams & Galvan, 1986).

1.2. Are the neurons that innervate artery and vein viscerotopically organized in
prevertebral ganglia?
“Viscerotopic organization” is a property where neurons are localized in regions o f the
ganglia based upon the targets they innervate and the synaptic inputs they receive or both, which
is a basis for function-specific pathways. It is well known that sensory and motor projections
from and to the body surface and muscle are somatotopically arranged in the cortex and spinal
cord (Kandel et al., 1991; Brown & Fuchs, 1975). Guinea-pig lumbar preganglionic neurons
have a topographical arrangement o f different functional groups (Anderson et al., 1987).
Although the topographic organization o f prevertebral ganglia has not been characterized in
detail, functional studies suggest that the prevertebral neurons might be viscerotopically
organized by their viscerotopic distribution o f efferent noradrenergic output and the parallel
peripheral reflexes (Kreulen & Szurszewski, 1979a; Szurszewski, 1981).
1.2.1. N eurons form functional groups
Functional studies have shown that in guinea pig CG/SMG, postganglionic neurons are
localized within the ganglia in relation to the source o f synaptic input. Neurons that receive
dominant sensory synaptic input from the distal part o f the large intestine are grouped together in
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the medial parts of the CG (Kreulen & Szurszewski, 1979a; Kreulen & Szurszewski, 1979b;
McLachlan & Meckler, 1989). SP-containing fibers form pericellular baskets around the VIP
positive perikarya in the IMG (Parr & Sharkey, 1996). Those neurons that contain different
neuropeptides might carry different functions. The selective innervation might suggest that
certain neurotransmitters affect different functions.

The synaptic input to ganglionic neurons has multiple potential sources including
preganglionic, primary sensory and enteric origin. The synaptic responses are related to the
neurotransmitters released from the fibers that innervate the ganglia. Also neurons that innervate
the same organ tend to be gathered at the place where they send out postganglionic fibers
(Bowers & Zigmond, 1981; Keast & de Groat, 1989). This organization o f neuronal
subpopulations, which probably have their unique neurochemical phenotype in the prevertebral
ganglia, may provide the substrate for “function-specific pathways” whereby different
physiological functions are modulated separately (Toda & Okamura, 1991). Accordingly, the
activation o f specific pathways might depend on patterns o f innervation from the neuronal inputs
to the ganglion.

Indeed, evidences that mesenteric arteries and veins show different sensitivities to
sympathetic neural activity (Hainsworth & Karim, 1976; Karim & Hainsworth, 1976) strongly
implies that IMA and IMV have their own function-specific pathways. In guinea-pig, venous
capacitance vessels show a greater degree o f responsiveness at lower frequencies o f stimulation
than arterial resistance vessels, which require higher frequencies o f stimulation to elicit the same
degree o f constriction (Hottenstein & Kreulen, 1987). It is also known that norepinephrine
mediates all components o f sympathetic vasoconstriction in mesenteric veins whereas in
mesenteric arteries ATP and NPY play an important role in neurally mediated vasoconstriction
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(van Helden, 1988; Westfall et al., 1996). It is believed that P2X-purinoceptors are present in
both artery and vein (Cohen et al., 1996; Hirst & Jobling, 1989), although single shocks to
postganglionic sympathetic nerve fibers do not evoke purinergic P2X-receptor mediated fEJPs in
IMV cells (Kreulen, 1986; Kuriyama & Suzuki, 1981). Neurons that innervate vein might not
contain ATP as a neurotransmitter. In fact, the amount o f ATP released from rat tail vein is
significantly less than artery upon field nerve stimulation (personal communication, K.Keef,
University o f Nevada). Thus, the neurons that innervate arteries might not be the same neurons
that innervate veins, or they might be.

Based on the physiological differentiation o f the regulation o f resistance and capacitance, it
is feasible that this function-specific differentiation extends to the neural control o f mesenteric
arteries and veins. If there might be distinct 'specific-pathways', i.e. neurons that innervate
arteries have a separate functional-specific pathway from the neurons that innervate veins, it
would be logical that the “artery subtype” possesses norepinephrine-containing vesicles and
ATP-containing vesicles, and the “vein subtype” possesses norepinephrine-containing vesicles
only. In fact, in paravertebral postganglionic sympathetic neurons that innervate the vasculature
of the rat hindlimb where arterial and venous neurons are anatomically distinct, the same cells do
not innervate veins and arteries (Dehal et al., 1992).

So far the neurons that project to the guinea-pig mesenteric vasculature have not been
investigated with respect to the function-specific pathways to artery or vein. In this study, I
tested the hypothesis that the arterial and venous neurons might be anatomically separated, or
there might be a viscerotopic organization o f arterial and venous neurons in the IMG.

1.2.2. Neurochemical phenotype is associated with subgroups of prevertebral neurons
Sympathetic ganglion neurons are chemically coded. Separated subpopulations of
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prevertebral neurons have distinct neurochemical phenotype that is speculated to associate with
function-specific pathway, because the different populations o f sympathetic neurons identified
immunohistochemically correlate closely with the distinct pathways that have been characterized
by functional criteria. The precise combinations o f neuropeptides found in these neurons are
highly correlated with their peripheral projections or distinct subsets o f postganglionic neurons.
Thus, by injecting fast blue into mice salivary gland and face skin, superior cervical ganglion
neurons are detected in two main clusters o f cells. The neurons that project to the salivary gland
do not contain NPY-IR, whereas 50% o f neurons project to skin contain NPY-IR and they are
vasomotor neurons, the other 50% of neurons are pilomotor neurons (Gibbins, 1992).

The distributions and proportions o f neurons that contain NPY, SOM and VIP are different
in each o f the three major prevertebral sympathetic ganglia (Keast et al., 1993; Elfvin et al.,
1993; Lindh et al., 1986). The NPY-IR is believed to be a marker o f vasomotor neurons and
visceral neurons are somatotstatin (SOM) positive or contain none o f the neuropeptides studied
(Gibbins, 1991; Macrae et al., 1986). The peptide content o f subgroups o f neurons, however, is
not exclusive (Boyd et al., 1996).

Also the neurons are often grouped in the ganglia and have a neurochemical phenotype that
is characteristic o f a certain functional subclass. Thus, neurons with a particular neurochemical
phenotype often appear in clusters and are rarely uniformly distributed throughout a ganglion
(Parr & Sharkey, 1996; Elfvin et al., 1993). In CG, 53% neurons are NA/NPY and supply blood
vessels. All three major types o f neuron were arranged in clumps or ribbons throughout the
ganglia (Macrae et al., 1986; Gibbins, 1991). In IMG, the proportion o f neurons containing
NPY-IR (20%) correlates closely with the proportion o f phasic neurons (20%) which is proposed
to subserve a vasoconstrictor function in the mesentery (McLachlan & Llewellyn-Smith,
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1986)(Keast et al., 1993)(Anderson et al., 1987).

Among the vasomotor neurons, the NPY-IR is expressed mainly in neurons that innervate
arteries. In paravertebral neurons 17% o f venous neurons are NPY-positive and 94% o f artery
neurons are NPY-positive (Dehal et al., 1992). This is correlated with the finding that NPY-IR
fibers are numerous around arteries and few around veins in GP (Gibbins et a l, 1988). NPY-IR
fibers run in the adventitia close to the media. Large, medium-sized and small arteries (skeletal
muscle, heart, upper respiratory tract, gastrointestinal tract, genito-urinary tract, liver, spleen and
kidney) receive a rich supply o f NPY-IR fibers. Large veins contain few NPY-IR fibers.
Medium-sized veins harbor a somewhat greater number, whereas peripheral ramifications o f
veins often are devoid of such fibers (Scott et al., 1989). NPY-IR is, however, absent from
marsupial lumbar sympathetic ganglia and perivascular axons in most systemic arteries and veins
(Morris et al., 1986).

There have been no direct studies o f the relationship o f neurochemical phenotype o f the
function-specific pathways to the mesenteric vasculature. By combining retrograde labeling and
immunocytochemical staining technique, I investigated the localization o f IMG neurons that
innervate mesenteric artery or vein and characterized the neurochemical phenotype o f these
neurons.

1.2.3.
Does primary sensory innervation in prevertebral ganglia contribute to
function-specific pathways?
Sensory nerves innervate the IMG from two sources: 1) primary sensory nerves, with their
cell bodies in the dorsal root ganglia (DRG), and 2) enteric sensory nerves, with their cell bodies
located in the myenteric plexus o f intestine wall (intestinofiigal neurons). When activated by
intestinal distension, both o f these categories o f sensory nerves produce synaptic potentials in
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subpopulations o f sympathetic ganglion neurons (Kreulen & Peters, 1986; Peters & Kreulen,
1986; Dalsgaard & Elfvin, 1982) and participate in “peripheral reflexes” through the ganglia
(Keef & Kreulen, 1990; K eef & Kreulen, 1988; Peters & Kreulen, 1984; Szurszewski, 1981).

Primary sensory fibers contain SP, CGRP, and NOS (Gibbins et a l, 1987; Zheng et al.,
1997); the neuropeptides are releasable by mechanical activation o f sensory nerves (Ma &
Szurszewski, 1996; Zheng et al., 1997; Li et al., 1994). Enteric sensory fibers contain
acetylcholine, VIP, CCK, NOS, gastrin-releasing peptide, dynorphin and enkephalins (Dalsgaard
et al., 1983), and CGRP (Fumess et al., 1990). The enteric VIP- and NOS-containing sensory
fibers from the intestine do not innervate the clusters o f NPY-containing neurons o f IMG (Parr &
Sharkey, 1996; Lindh et al., 1988; Lindh et al., 1986; Lundberg et al., 1982a).

Immunocytochemical studies demonstrate the presence o f NOS-IR in nerve terminals in
prevertebral ganglia arising from three distinct sources. The NOS-IR fibers in the guinea-pig
IMG are from primary sensory neurons whose cell bodies lie in dorsal root ganglia (Zheng et al.,
1997; Zheng et al., 1995; Zheng et al., 1996), sympathetic preganglionic neurons (Fumess &
Anderson, 1994; Anderson et al., 1995)(Anderson et al., 1989; Dalsgaard & Elfvin, 1982;
Ceccatelli et al., 1994), and colonic intestinofugal neurons (Fumess & Anderson, 1994)
(Anderson et al., 1995; Mann et al., 1995). Most o f CGRP- and SP-IR fibers are o f primary
sensory origin, but CGRP is also contained in fibers which arise from intestinofugal neurons
located in the myenteric plexus o f the intestine (Elfvin et al., 1993), and SP is the marker of
primary sensory fibers (Li et al., 1994). These distinct sources o f neurotransmitter containing
fibers that innervate the prevertebral ganglia may reflect involvement in the control and
modulation o f specific functions such as motility and secretory reflexes (Anderson et al., 1995),
and blood flow o f mesenteric vasculature (Zheng et al., 1997).
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With regard to the regulation o f the mesenteric vasculature, a primary sensory axon reflex
in the prevertebral ganglia plays an important role. The colonic distention activates capsaicinsensitive pathways, which have an excitatory effect in IMG, and an inhibitory effect in IMA. The
excitatory effect is to increase slow EPSPs in the IMG (Anthony & Kreulen, 1990). The
inhibitory reflex pathway that results in a hyperpolarization and relaxation o f mesenteric arterial
smooth muscle (Meehan & Kreulen, 1992), which is mediated, at least in part, via the release o f
NO from dorsal root ganglion neurons (Zheng et al., 1997). Therefore, it is a reasonable
suggestion that NO might be a neurotransmitter in IMG and increase the slow EPSPs. Synaptic
potentials evoked by distension o f the veins (Keef & Kreulen, 1986) or ureter (Amann et al.,
1988a) are mediated by primary sensory nerves only, although the neurotransmitters are not
known.

Those fiber immunoreactivities and the origination are not specified with either the
vasomotor neurons or the visceral neurons. Capsaicin destroys primary sensory nerves and
determines the localization of primary sensory fibers containing the neuropeptides around
arterial or venous neurons, or nonvascular neurons. I used the approaches o f retrograde labeling
of arterial and venous neurons, immunocytochemical localization o f these primary sensory
substances, and capsaicin-treatment to test the pattern o f primary sensory fibers around vascular
and visceral neurons. The pattern, if there would be any, might be used as a coding o f
electrophysiological property to predict certain function-specific pathways.

1.2.4. Neural firing type is speculated to correlate with neurochemical phenotype
There are also correlations between neuron firing type and the neurochemical phenotype.
Prevertebral neurons are classified in three electrophysiological classes based on their firing
properties in response to sustained depolarizing stimuli. Phasic neurons fire a short burst o f
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action potentials at the onset o f the pulse; Tonic neurons fire throughout the pulse and long
afterhyperpolarizing (LAH) neurons fire just one action potential (Crowcroft & Szurszewski,
1971; Kreulen & Szurszewski, 1979a; Weems & Szurszewski, 1978; Cassell et al., 1986a;
Coggan et al., 1991b). Most o f phasic neurons contain NPY-IR, whereas tonic neurons contain
SOM-IR (Keast et al., 1993; Boyd et al., 1996)
Function studies suggest that distinct prevertebral neuronal populations are involved in
particular gastrointestinal functions (see, for example, Anderson et al., 1995) and the occurrence
o f firing type is preferred in different ganglia. The proportions o f NPY-IR containing neurons are
correlated with the incidence o f phasic neurons in ganglia. Sympathetic chain ganglia mainly
innervate mesenteric vasculature and the majority o f the neurons are phasic. There are 50% o f
CG neurons containing NPY-IR and the same percentage o f neurons is phasic. Likewise, 20%
IMG neurons are NPY-IR and 20% neurons are tonic (McLachlan & Llewellyn-Smith, 1986).
Based on the correlation o f the NPY content and the calculated anatomical occurrence o f the
different cell types, it has been speculated that the neurons projecting to the mesenteric
vasculature are phasic neurons only. IMG projects to bladder, rectum, and internal reproductive
organs and over 90% IMG neurons are tonic. Therefore, tonic neurons, instead, are predicted to
be only involved with visceral motility (Cassell et al., 1986a; McLachlan & Llewellyn-Smith,
1986; McLachlan & Meckler, 1989). CG LAH neurons project to visceral organs (Cassell et al.,
1986b; McLachlan & Llewellyn-Smith, 1986; Meckler & McLachlan, 1988).
It is known that the innervation o f ganglionic neurons is differentiated by the source o f the
input and neurotransmitters utilized. The synaptic inputs to the three class o f prevertebral
neurons in guinea-pig IMG are different. Phasic and LAH neurons receive at least one
suprathreshold synaptic input and to fire action potentials. In contrast tonic neurons receive 90%
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of subthreshold inputs from both preganglionic neurons and afferent neurons within their
vesicular targets. They usually discharge only after summation o f synaptic potentials from
several sources (Szurszewski, 1981).

Aldiough it has been commonly accepted that vasomotor neurons are phasic, NPY-positive,
and located in the center in the case o f CG, the anatomical, physiological, and pharmacological
differences between neurons that innervate mesenteric artery and vein have not been studied. The
different responses o f the artery and vein are the evidences that one particular phenotype o f
neurons might innervate arteries and another one might innervate veins. In addition, majority of
arterial neurons (90%) are NPY-positive whereas most o f venous neurons are NPY-negative in
rat hindlimb (Dehal et al., 1992). On the other hand, the neuropeptide content o f phasic neurons
that contain NPY-IR and tonic neurons that contain SOM-IR is not exclusive (Boyd et al., 1996).

1.2.5. Neuronal morphology is related to neurochemical phenotype and neuron firing
type
In prevertebral ganglia, there are at least three distinct neuronal phenotypes based on
electrophysiological properties, synaptic input, soma characteristics and dendritic branching
pattern (Keast et al., 1993; McLachlan & Meckler, 1989; Boyd et al., 1996). The visceral
neurons usually contain neuropeptides (NE/SOM or NE/-) and govern the intestinal motility,
vasomotor neurons are NE/NPY that modulate activity o f vessels (Janig & McLachlan, 1987;
Janig, 1988). When classified electrophysiologically, cross-sectional area o f phasic neurons
(754±273 pm) is smaller than tonic neurons (1259±508 pm) or LAH neurons (1029±371 pm)
(Boyd et al., 1996). The neurochemical phenotype and the soma size are correlated well. Thus,
NPY-IR neurons are smaller than that o f NPY-negative neurons (Gibbins, 1991). The soma size
is also correlated with firing pattern, thus phasic is smaller than that o f tonic neurons (Boyd et
al., 1996). Further more, the neuropeptide content is correlated with the firing pattern. Phasic
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neurons are believed contain NPY-IR, but tonic neurons do not (Vanner et a l, 1993). Likewise,
in superior cervical ganglia o f mice, vasomotor, pilomotor and secretomotor neurons are
functionally different neurons (Gibbins, 1991). Secretomotor neurons are the largest in diameter
(32 pm) and lack o f NPY-IR, pilomotor neurons are intermediate (23 pm) and lack o f NPY-IR,
and vasomotor neurons are the smallest (19 pm) with NPY-IR (Gibbins, 1991).
1.3. Electrophysiological properties o f principal prevertebral neurons
Sympathetic neurons are heterogeneous in their electrophysiological characteristics
(Cassell et al., 1986a; Connor & Stevens, 1971b), which might make up distinct functionspecific pathways. Principle prevertebral neurons are classified as phasic, tonic and LAH based
upon the cell response to a sustained depolarization under current clamp. The passive and active
membrane properties and associated ionic current o f CG neurons have been investigated by
using single electrode voltage clamp and whole cell patch clamp techniques in intact and
dissociated preparations in the mammals. The IMG neurons have not been studied.
The electrophysiological properties o f IMG neurons that innervate artery or vein have not
been studied and the cellular mechanisms o f action o f the putative sensory neurotransmitters SP.
CGRP and NO on identified arterial and venous neurons are not known. To find out the
electrophysiological coding o f IMG neurons that project to artery or vein, I conducted whole cell
patch clamp recording to analyze the firing type, some membrane properties, the ionic
mechanism underlying the response o f arterial, venous and nonvascular neuronal subtypes. I also
investigated the effect o f NO on isolated CG neurons to understand how the function-specific
pathways are controlled and manipulated.

1.3.1. Electrophysiological properties of IMG and CG dissociated neurons
CG and IMG are both prevertebral ganglia. They innervate separate abdominal organs and
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have similar characteristics. Their neurochemical phenotype and electrophysiological properties
also differentiate them. Thus, 50% o f CG neurons contain NPY-IR and 20% o f IMG neurons
contain NPY-IR (Parr & Sharkey, 1996). By intracellular recording, 50% o f phasic and 50% o f
LAH neurons compress CG neurons, but 90% o f IMG neurons are tonic (Cassell et al., 1986a).
The electrophysiological properties o f guinea-pig dissociated IMG neurons have not been
investigated with patch clamp recording technique. With two different electrophysiological
techniques (SEVC and whole cell patch clamp) and two different preparations (intact ganglion or
dissociated cells), studies o f guinea-pig CG neurons have shown some different results, this is
due to the different methodologies (Coggan et al., 1994). In addition to characterize the neurons
that innervate arteries or veins, this study also surveyed the electrophysiological properties o f
IMG neurons and compared the IMG neurons with CG neurons.

1.3.1.1. Passive properties
Passive properties of guinea-pig IMG neurons are slightly dissimilar from CG neurons by
intracellular recordings. Passive properties are the characteristics o f neurons under resting
membrane potential (Em). The neurons have the smallest conductance (G j„) and highest input
resistance (R j„) at Em. Potassium ion channels are largely contributed to those properties and
determine the firing pattern. The membrane time constant (x) is the time decay o f the membrane
when the neurons are activated, and is a function o f membrane capacitance and resistance. In
guinea-pig intact IMG with intracellular recording (Cassell et al., 1986a; McLachlan & Meckler,
1989), the Em, Rj„ or t o f phasic and tonic neurons are similar. The Em, R in, or x between phasic
and tonic CG neurons are similar as well. The Em o f IMG neurons is slightly less negative than
CG neurons, the Rj„ o f phasic is similar between IMG and CG neurons, but the R in o f tonic
neurons o f IMG is twice as greater than that o f CG neurons.
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In intact IMG, the Em o f phasic neurons is -56.0±2.4 mV and the Em o f tonic is 61.4±0.9
mV. The Rjn is higher in tonic neurons (193±16 MQ) than in phasic neurons (165119 MQ)
(Cassell et al., 1986a). In intact CG, the Em o f phasic neurons is 59.811.2 mV and the Em o f tonic
neurons is 63.111.2 mV. The Ri„ is higher in CG phasic neurons (156.9119.5 MQ) than in tonic
neurons (95.915.9) (McLachlan & Meckler, 1989; Coggan et al., 1994; Coggan et al., 1991b).

1.3.1.2. Firing properties
Phasic firing is mainly dependent on the presence o f a prominent outward current, M
potassium current (Im). The conductance o f Im is largely increased upon depolarization. Tonic
firing is associated with the presence o f a transient A potassium current (IA) and LAH neurons
possess an Ca2+-activated potassium conductance (Janig & McLachlan, 1992a; Cassell et al.,
1986b; Cassell & McLachlan, 1987b). Also there are other potassium currents present in the
prevertebral neurons that contribute to the membrane properties and firing types to some extent.
The delayed rectifier current (Irv) is known to contribute to action potential repolarization in all
type o f neurons including sympathetic neurons. Hyperpolarization activated currents (Ikir) and
the non-selective cationic current (Ih) are inward rectifier currents which provide an inward
current in assisting an action potential after the hyperpolarization (see bellow 1.3.1.7.).

It is known that phasic and tonic firing pattern are interchangeable by blocking IM and IA
respectively, evidence for that Im is responsible for phasic and IA is accountable for tonic firing.
By using muscarine, the M channel antagonist, phasic neurons will fire tonically, the phasic
firing pattern can be restored after washing out the muscarine (Brown, 1988; Coggan et al.,
1994). Nevertheless, there is not a specific A channel blocker so far. 4-AP partially blocks IA
(Belluzzi et al., 1985a). Catechol, a tremorigenic and convulsant hydroxybenzene compound,
abolishes IA in both phasic and tonic neurons, and changes the tonic firing to the phasic firing
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(Inokuchi et al., 1997). However, these effects are mixture o f blocking A channels and
increasing inactivation o f voltage-dependent Na+ channels (Inokuchi et al., 1997).
Many attempts have been made to correlate this macroscopic firing behavior with the
presence and characteristics o f various membrane currents (Cassell et al., 1986b; Cassell &
McLachlan, 1987a; Vanner et al., 1993). Much o f the original work in this area was on cells in
intact prevertebral ganglia and relied on the use o f intracellular recording for measurement o f
membrane currents. The sum total o f work in this area suggests that these types o f firing
behaviors are not exclusively dependent on combinations o f currents that have been analyzed to
date (Brown, 1988; Connor & Stevens, 1971b; Belluzzi et al., 1935a; Marsh & Brown, 1991).

1.3.1.3. M current (Im)
The Im is a standing outward-going current. Im was first described in bullfrog sympathetic
neurons with a characteristics o f being sensitive to muscarinic agonist, as well as peptides LHRH
and SP, angiotensin, ATP and B a ^ ions (Brown & Adams, 1980).

C haracteristics o f M current. Im is studied and recorded in voltage clamp as it is turning
off. When a cell is held at +30 mV then hyperpolarized, an inward relaxation is recorded and a
decreased membrane conductance is associated. The Im is mediated by a time- and voltagedependent M channel that is normally open at resting membrane potential (around -50 mV), and
which has a relatively low conductance within the range o f resting membrane potential, the only
noninactivating time- and voltage-sensitive current present (Brown, 1988). Therefore, it may
have an influence on cell firing behavior.

The pharmacology o f the associated Im receptors has still not been characterized in detail,
the receptor-induced control o f the Im is both indirect and complex (Brown, 1988). The Im

20

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

inhibition is atropine-sensitive (Coggan et al., 1994). In rat sympathetic neurons, the 'M -l'
muscarinic receptor antagonist pirenzepine (4 nM) blocks the Im and prevents the muscarine
produced inhibition on Im, which suggests the 'M -l' subclass o f muscarine receptors is involved
(Brown, 1988).

Effect on action potential. The Im forms a component o f normal resting membrane current
and limits potential changes particularly in the depolarizing direction, a ‘built-in voltage clamp’.
Thus, the more depolarized the cell is, the more Im outward current will be, which tends to bring
the membrane potential back to the Em.
The Im have higher conductances at less negative potentials and rapidly deactivating
conductances (> 1%) at negative potential. When the cell is depolarized to fire an action
potential, the Im conductance is increased (> 80%) with larger Im flowing out cross the
membrane, which hyperpolarizes the cell and prevents it from firing an action potential. In
olfactory cortex neurons which have resting membrane potential ranging from -75 to -80 mV.
however, the inhibition o f Im does not induce membrane depolarization, since membrane
potential more negative than -70 mV is beyond the range of effective control by Im, which
indicate other membrane currents contribute to the Em (Brown, 1988).

Function in phasic neurons. Although Im is recorded from tonic neurons as well, it is
larger in phasic than in tonic neurons (Brown, 1988). By using muscarinic agonists, such as,
LHRH and SP, angiotensin, and ATP and M channel blocker B a ^ ions the adaptation lost after
eliminate M current, the phasic firing switches to tonic firing (Brown & Adams, 1980).
Therefore, Im is considered to be responsible for phasic type o f firing pattern (Adams et al.,
1982; Brown, 1988).
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1.3.1.4. A c u rre n t (I*)
A current (IA) is a fast transient outward potassium current that is inactivated rapidly, it is
first described in gastropod neural somata (Connor & Stevens, 1971b) and subsequently found in
variety o f neurons including sympathetic neurons (Belluzzi et al., 1985a; Marsh & Brown,
1991). The decay o f IA activation in IMG phasic (11.7±2.0 ms) and tonic neurons (22.1±1.6 ms)
fit the single exponential function (Cassell et al., 1986a). As in Im, intracellular and whole cell
patch clamp recording are different in the amplitude o f IA, which can be explained as a
nonspecific, microelectrode-associated leak conductance, due to damage to the cell membrane
(Vanner et al., 1993).

C haracteristics of A c u rre n t (IA). IA occurs in the response o f a neuron to a sudden
depolarization from a hyperpolarized membrane potential. In IMG intact preparation, IA is
rapidly activated at -80 mV and a narrow range o f negative potentials more positive than -65 to 40 mV (Cassell et al., 1986a). IA inactivates in less than 100 ms, its inactivation being complete
at membrane potentials positive to -55 mV, with a midpoint near -70 mV and coming near to
zero at -40 mV (Cassell et al., 1986a). This inactivation is removed by repolarization o f the
membrane potential. IA is inactivated at resting potential (-45 to -50 mV) in most neurons. At the
end o f a hyperpolarizing step from resting membrane potential, IA can be evoked in 100% o f
tonic and less than 50% o f phasic neurons (Cassell et al., 1986a). Apparently, the amplitude o f IA
is significantly larger in tonic than in phasic neurons {Cassell, Clark, et al. 1986 ID: 4407},
which might suggest a greater number o f A channels. By depolarization directly from resting
membrane potential, however, IA can only be elicited in tonic neurons but not phasic neurons,
because IA activation is positive to the Em in tonic neurons (Cassell et al., 1986a). In fact, there is
a different voltage-dependency in phasic and tonic neurons. Thus, IA in tonic neurons are not
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completely inactivated at resting membrane potential as phasic neurons are, which can be seen as
its steady-state inactivation curve shifts to more positive potential compared with phasic neurons
{Cassell, Clark, et al. 1986 ID: 4407}. This factor might explain why IA can only be elicited in
tonic neurons but not phasic neurons by depolarization from resting membrane potential.

The peculiarity o f the IA is that o f being maximally activated when the depolarizing
stimulus is preceded by a hyperpolarization. The current then decays upon sustained
depolarization. A further characteristic o f the IA is that the inactivation is already maximal at -55
mV, so that if the resting potential o f the cell is between -60 and -70 mV, a hyperpolarization is
necessary to remove the IA from its inactivation state. Physiological separation o f the IA from the
other outward currents can then be achieved by subtraction o f the currents evoked by
hypepolarizing voltage prepulses from the total currents evoked by depolarization, not preceded
by hyperpolarizing conditioning pulse. Separation o f components o f this transient potassium
current can also be achieved pharmacologically in some cells where IA is less sensitive to block
by TEA, and more sensitive to block by 4-aminopyridine (4-AP), than Ikv {Nakajima & Kusano
1966 ID: 4575}{Thompson 1977 ID: 4576}.

Function in tonic and phasic neurons. In sympathetic neurons, IA underlies the
repolarizion phase o f the action potential and blocking IA will reduce the repolarization velocity
o f the action potential (Belluzzi et al., 1985a). The function o f IA is believed to delay the onset o f
the generation o f action potentials with a relatively negative Em. When the neurons are
depolarized, the IA with inactivation removed is activated and opposes the change in membrane
potential toward threshold, thus delaying the activation o f the action potential (Cassell et al.,
1986a). IA also increases the interspike interval in repetitive firing. By doing so, IA slow down
the firing frequency o f neurons during a sustained depolarization and contribute to the
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repolarization o f the action potential. IA is considered to determine the firing behavior o f tonic
neurons (Belluzzi et al., 1985a; Cassell et al., 1986a; Cassell & McLachlan, 1987b).

The physiological role o f the IA is to allow a cell to fire repetitively at low frequencies. This
slowing down o f the depolarization phase that follows the afterhyperpolarization might be
accomplished in the following way. At the end o f the first action potential, A channels are all
inactivated but an afterhyperpolarization, brought about by

Ir v

and by

IAh p

(see below), would

occur. This hyperpolarization gradually removes inactivation o f A channels and also shuts down
the potassium channels, reducing

Irv

and the

I Ah p

and permitting the membrane to slowly

depolarize again (Cassell et al., 1986a). However, the A channels, which now have been
'reprimed' by the hyperpolarization, open again as the cell starts to depolarize (Cassell &
McLachlan, 1986c). The ensuing outward IA soon nearly cancels the stimulus current, so the
depolarization is slowed down (Connor & Stevens, 1971a). The membrane potential pauses in
balance for a period while IA is large. Eventually, however, A channels inactivate and the
physiological role o f the IA would then be to prolong the interspike phase during repetitive firing,
thus allowing the modulation o f the spiking activity (Connor & Stevens, 1971a). On the other
hand, the IA activation hyperpolarizes the cell and in turn decreases the conductance o f Im- Thus
the adaptation by Im is replaced by the series o f action potentials as seen in tonic neurons.
1 .3 .1 .5 .
I rv

Delayed rectifier current ( I r v )

is a voltage dependent sustained outward current, activated upon depolarizations from -

70 mV in guinea-pig cultured CG neurons, and sensitive to TEA (1 mM) (Vanner et al., 1993)
and 4-AP (Marsh & Brown, 1991). The

Irv

is independent from IAhp and

Im ,

even though they

have the same voltage and time dependencies, they are co-activated by depolarizing to potential
more positive than -40 mV (Belluzzi et al., 1985b).
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C haracteristics o f

I r v . Ikv

is activated at -20 mV in guinea-pig cultured CG neurons

(Vanner et al., 1993). In rat cultured sympathetic neurons, the Irv is activated at a voltage
positive to -40 mV (Belluzzi et al., 1985b) and the time constant o f the activation is 11 ±0.7 ms,
fit by a single exponential function (Wooltorton & Mathie, 1993). The Irv shows no inactivation
(in 200 ms) and has a linear instantaneous V-l relation in rat sympathetic neurons, in which a
decline o f
the

I rv

I rv

is considered due to potassium accumulation in the perineuronal space, because

inactivation is Ek dependent (Belluzzi et al., 1985b).

neurons (5 sec), however (Adams & Galvan, 1986). The

I rv

Ir v

inactivation exists in bullfrog

is sensitive to 4-AP at a range (1

mM) that does not effect IA (Carrier, 1995) and is insensitive to cadmium (100 - 400 pM),
apamin (300 nM), or low concentration of TEA (1 mM) (Vanner et al., 1993).

Function in m em brane potential. In invertebrate neurons,
repolarization in sympathetic neurons. In vertebrates, the

I rv

I rv

contributes to membrane

was believed not to have an effect

on the membrane repolarization, because it acts too slowly. In fact, neurons with Em more
positive than -60 mV, in which the IA is fully inactivated,

Irv

has a prominent contribution to the

spike repolarization (Marsh & Brown, 1991), and therefore assists in the tonic firing pattern.

More evidences are showing that the

Irv

are to contribute to Em as IA now, if the IA is

negative to Em. Thus, if IA inactivation is positive to Em at any given potential, the IA will not be
completely inactivated at Em. Therefore, the 1A will have an effect on the Em, as seen in tonic
neurons (Cassell et al., 1986a). If the Em is positive to the IA inactivation (less negative),

Irv

will

exert a expedite effect to repolarization of action potential, an effect on the spike repolarization
(Marsh & Brown, 1991; Adams et al., 1980). Thus

Irv

contributes a significant component to the

spike-repolarizing current and the spike afterhyperpolarization. The biophysical characteristics o f
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Ikv also make it suitable for evoking a repolarizing effect at the time when Ins is shutting off.

1.3.1.6. Currents related to the after-hyperpolarization

(Ia h p )

In sympathetic ganglia with the use o f intracellular voltage clamp recording, a
depolarization command step initiates a tail current which is carried by potassium ions that is
calcium-dependent (Pennefather et al., 1985; McFee & Yarowsky, 1979; Cassell & McLachlan,
1987b). Various abbreviations have been used to describe the calcium-activated currents: Inca,
Ic , Ia h p , Ib k , Is k ,

etc. (Latorre et al., 1989). In current clamp, the currents have been shown to

underlie a long afiter-hyperpolarization (AHP) following a single action potential or trains o f
action potentials in intact guinea-pig and rabbit CG (Cassell & McLachlan, 1987b), rat SCG
(McFee & Yarowsky, 1979), and in bullfrog sympathetic ganglion cells (Pennefather et al.,
1985). I use Iahp to refer to the entire family o f calcium-dependent potassium currents.

AHP. The AHP is due to the activation o f one or several potassium currents that are
activated primarily by low concentrations o f intracellular calcium, named calcium-activated
potassium currents (kcas), and they are voltage-independent but sensitive to C a ^ channel
blocker, Co++ or cadmium (Cassell & McLachlan, 1987b). The calcium influx is voltagedependent at a range o f depolarization sufficient to reach the action potential threshold (Cassell
& McLachlan, 1987b). The depolarization evokes calcium influx that opens up the AHP
channels (Hille, 1996). The AHP has high conductance o f up to 200-300 pS.

In general, the currents underlying AHP are calcium-activated potassium currents

(Ik c o s),

they are classified as fast (BK), intermediate (IK), and slow (SK) types in respect to their kinetics
and each o f them has a unique sensitivity to certain antagonist(s) (Latorre et al., 1989; Cassell &
McLachlan, 1987b). The half-duration o f the AHP is 150 ms or 3.5 s for IK or SK, respectively
(Vanner et al., 1993). The AHP present in guinea-pig CG neurons (intact preparation) contain
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two components. The initial AHP lasts a few ms (1-5 ms), and the following hyperpolarization
may last 50-1000 ms. The SK channels are activated by Ca++ influx after each spike and lasts till
the level o f the intracellular C a ^ is restored. Elevated extracellular Ca** or a train o f action
potentials that raise the intracellular Ca++ enhances the AHP. The SK is apamin insensitive and is
selectively sensitive to TEA. The BK channels open during the spike and close soon afterward,
which regulate the spiking activity o f the neurons by inducing a slow adaptation o f action
potential discharge (Hille, 1992). The SK channels have mainly an effect on limiting the
summation o f ESPS and preventing action potential initiation and the AHP is believed to
reactivate U in tonic CG neurons in guinea-pig and rabbit (Cassell & McLachlan, 1987b).

The AHP obtained with intracellular recording is on average smaller in phasic neurons
(9.6±0.9 mV) than in tonic (12.3±0.8 mV P < 0.05) in intact IMG neurons. The current required
to bring most ganglion cells to threshold is < 0.5 nA, and threshold voltage is between 15 and 25
mV positive to Em. In about 40% o f IMG cells, currents o f up to 1.5 nA are required to reach the
threshold. In some neurons more than one type o f AHP may co-exist (Cassell & McLachlan,
1987b).

I ahp* t h e

calcium-activated potassium currents. In this study I use

Ixcas- In voltage clamp,

Ia h p

Iahp

to refer to the

are evoked by a 20 mV and 20-50 ms long depolarization command

step (Cassell & McLachlan, 1987b) from Em, followed by a series o f hyperpolarization steps
from -20 mV to -80 mV in 10 mV increment before returned to Vhoid- The
tail currents. As in AHP, the

Ia h p

Iahps

were viewed as

is separated into three types by their kinetics (x) and by their

sensitivities to different antagonists, and all three types o f
neurons. The

Iahp

Iahp

are present in prevertebral

in neurons range from milliseconds to seconds and decay exponentially. Fast
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Iahp (BK or Ic, t=2-5 ms) is charybdotoxin/TEA-sensitive and also can be blocked by Cs+.

Intermediate Iahp (IK , t=145 ms) is apamin-sensitive. Slow U hp (SK, t=3.5 s) is sensitive to
apamin and Cs* (Blatz & Magieby, 1986; Vanner et al., 1993). The BK and SK channels differ
in their voltage dependence, C a ^ sensitivity, pharmacology and conductance. All three UhpS are
sensitive to all calcium-channel blockers, by blocking calcium influx, C o ^ blocks IAhps (Yarom
e ta l., 1985).

Two Iahps are present in guinea-pig and rabbit CG neurons with slight differences, the
intermediate (xi= I30 ms, i2=285 ms) and slow (x=1.2 ms)

I Ah p

(Cassell & McLachlan, 1987b).

The kinetics are the same in intact and dissociated guinea-pig CG neurons (Vanner et al., 1993).

1.3.1.7. Hyperpolarization activated currents
“Inward rectifier” (IR) is hyperpolarization activated currents The IR currents are
representative o f a family o f different currents and widespread distribute in both neuronal as well
as non neuronal systems. At least two o f the IR has been described. The "anomalous rectifier" or
"inward rectifier" (Ikir) (Kandel et al., 1991; Constanti & Galvan, 1983) including in guinea-pig
IMG and CG neurons (Cassell et al., 1986a; Vanner et al., 1993), and In (or If in heart) (Brown
& Difrancesco, 1980) that also has been described in guinea-pig CG (Vanner et al., 1993) and
DRG neurons (Mayer & Westbrook, 1983).

Both the I kir and the I h currents are activated upon hyperpolarization, they are inward
currents and show an inward rectification. The activation threshold is dependent on the
extracellular concentration o f potassium ions, which shifts to more depolarized voltage when
increase extracellular potassium concentration. The IR does not exit under depolarization, and
can be blocked by Cs+.
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There are distinctive characteristics between

I kir

and

Ih . I h

has a slower activation kinetics

(hundreds of ms) than that o f I k i r (few ms). The activation threshold o f

Ih

is positive to the Ek+,

it is a mixed cationic current being carried by both Na+. The activation threshold o f
negative to Ek- Both the

I kir

and

Ih

and

K+

Ikir

is

ions and is sensitive to potassium channel blockers

TEA and B a^.

I k i r - I kir

in rat prevertebral isolated neurons can be elicited at a hyperpolarization step

negative to -9 0 mV, is markedly larger in tonic than in phasic neurons and is negatively
correlated with expression o f the M-channel (Wang & McKinnon, 1996). This differentiation is
considered to maintain the Em by bringing in constant K+ influx. This is special for tonic neurons.
Because tonic neurons are unstable at a range o f subthreshold and have less Im, therefore
might play a similar role as o f I m , which is supported by the fact that the

I kir

Ikir

can be inhibited by

muscarine (2 0 pM ) and evoked by acetylcholine and ATP. On the other hand, the

I kir

also helps

tonic neurons in respect to the summation o f synaptic input to suprathreshold EPSPs, by
providing a depolarization current (Wang & McKinnon, 1996). These characteristics o f

Ik ir,

together with Im, which gates EPSPs for phasic neurons, are considered to play a role in synaptic
transmission (Wang & McKinnon, 1996), and therefore might contribute to function-specific
pathways.

The role of the If (Ik ir in heart) counteracts the outward currents during the long
depolarized phase o f the action potential in cardiomyocytes for maximizing metabolic economy.
It is speculated that the Ik ir contributes to the resting potential o f neurons (Hille, 1992). In fact, if
a cell is activated, the increase o f the extracellular K+ concentration as well as the intracellular
Na+ concentration activates the Na+/K+-ATP dependent electrogenic pump which would
hyperpolarize the membrane. The Ik ir, therefore, counteracts the hyperpolarization.
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Ih- The function o f Ir is to stabilize the membrane potential toward the resting membrane
potential by preventing prolonged hyperpolarizations, or it may participate in the generation o f
rhythmic neuronal activity. In fact

I r (If)

is responsible for the pacemaking activity o f purkinje

fibers of the heart (Diffancesco, 1984).

Ir

present in guinea-pig IM G and C G neurons, it

repolarizes the cells when they are hyperpolarized (Vanner et al., 1993).

1.3.2. Electrophysiological properties of function-specific pathways
Firing properties have been taken as "coding" o f function-specific pathways, which is
believed to correlate with certain neurochemistry, morphology, and location. Phasic neurons are
speculated to be vasomotor neurons and tonic neurons are postulated as visceral neurons by their
anatomical appearance and neuropeptide contents, and soma sizes (Crowcroft & Szurszewski,
1971; Kreulen & Szurszewski, 1979a; Crowcroft & Szurszewski, 1971; Kandel et al., 1991;
Katz, 1998; Macrae et al., 1986; Sann et al., 1995; Parr & Sharkey, 1996; Boyd et al., 1996).
The differential neural regulation of vascular resistance and capacitance vessels in several
different beds (Ford et al., 1985; Hainsworth et al., 1983a; Hainsworth et al., 1983b; Hainsworth
& Karim, 1976; Karim & Hainsworth, 1976; Auer et al., 1983) further suggests function-specific
pathways in the innervation o f vasculature.

It is known that potassium currents largely influence the neuron firing patterns by affecting
repolarization, afterhyperpolarization, and inter-spike interval. The IM, Ia, Iahp and

Ir v

are all

believed to play a certain role in spike repolarization and after-hyperpolarization upon cell
resting membrane potential (Marsh & Brown, 1991). Apart from IA, the outward potassium
currents in sympathetic ganglionic neurons include 40% o f Irv and the rest o f them are IArp
(Carrier, 1995). Im is composed in 20% o f the outward current (Belluzzi et al., 1985b). All o f
these potassium currents have been demonstrated in prevertebral neurons including guinea-pig
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IMG and CG neurons. Theoretically Im would be predominant in arterial and venous neurons if
the phasic neurons are vasoconstrictor, with less IA- The potassium currents associated with these
firing properties would function to put a ceiling on the frequency that the neurons could fire. The
uniform firing pattern, however, can not explain the different responses o f the artery and vein to
nerve stimulation. On the other hand, many potassium currents are present in subpopulations o f
guinea-pig CG phasic neurons (Vanner et al., 1993). Since phasic neurons are vasomotor
neurons, it might correlate with there subgroups o f neurons that innervate arteries or veins, but as
yet, they are uncharacterized with respect to their target organ.

Based on the characteristics o f neural control o f artery and vein, the proportionally greater
venoconstriction compared to arterial constriction at low frequencies o f nerve activation
(Hottenstein & Kreulen, 1987; Hainsworth et al., 1983c; Hainsworth & Karim, 1976; Auer et al.,
1983), electrophysiological properties are predicted for sympathetic prevertebral vasomotor
neurons. Tonic neurons are able to sustain longer periods o f continuous firing and higher
instantaneous frequencies (Szurszewski, 1981). If it is considered that arterial vasoconstriction at
higher frequency and veins constrict at lowere frequency, arterial neurons would be predicted to
be tonic neurons. If the venous neurons also fire tonically which in turn release the same amount
o f neurotransmitters as arterial neurons would, the veins would not be maintained as capacitance
vessels. If venous neurons fire intermittently at irregular but low frequencies they would be
expected to be phasic and/or LAH neurons. Nevertheless, it might not be necessary that phasic
neurons fire at low frequencies since the gating properties o f Im in phasic neurons are either to
enhance or to suppress the EPSPs (Wang & McKinnon, 1996).

Potassium currents are closly correlated with firing patterns. If arterial neurons were tonic
neurons, a higher incidence o f IA would be expected. If venous neurons were phasic neurons or
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LAH neurons, a higher occurrence o f Im or Iahp would be anticipated. Due to the profound
venoconstriction at low frequencies, it would be maladaptive for them to fire at high frequencies
for long periods. The phasic firing pattern would also predispose venous neurons to release
primarily norepinephrine, which is released preferentially over a neuropeptide such as NPY at
lower firing frequencies (Dahlof et al., 1986). This also would explain the larger non-adrenergic
component o f neurogenic constriction observed in most arteries compared to veins (Auer et al.,
1983; Auer et al., 1981; Hottenstein & Kreulen, 1987; Mellander, 1960). This speculation,
however, contradicts previously predicted firing pattern o f vasoconstrictor neurons that are
phasic neurons.

Prior to this study, however, the correlation between electrophysiological membrane
properties and innervated organ, whether the electrophysiological properties are specific in those
neurons that project to mesenteric artery or vein, has not been investigated directly. I conducted
the study by using neuronal retrograde tracing in preparations that contained IMG, IMA and
IMV, immunocytochemical staining o f the IMG and CG, and dissociated IMG and CG neurons
with whole cell patch clamp technique to investigate the function-specific pathways o f artery and
vein, and to understand the sympathetic and sensory integration in the prevertebral neurons.

1.4. NO modulates membrane properties of prevertebral neurons
Peptides present in fibers that innervate the IMG can evoke synaptic potentials in vitro,
which suggest impacts o f the innervation in the prevertebral integration. Application o f VIP to
the surface o f intact prevertebral ganglia produces a slow depolarization in a subpopulation o f
neurons. This depolarization is reminiscent o f the slow e.p.s.p. (Love & Szurszewski, 1987; Mo
& Dun, 1984) which can be evoked with colon distension (Kreulen & Peters, 1986). NO has
been proved to be a neurotransmitter in both central and peripheral nervous systems and to affect
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sympathetic neurons in in vitro. NO generators applied to the surface o f mouse prevertebral
ganglion produce a slow hyperpolarization in a subset o f cells (Ma & Szurszewski, 1996). In the
superior cervical ganglion, the NO generator, SNAP, modulates Ca2+ currents (Chen &
Schofield, 1993; Scott & Bennett, 1993). An NO donor, sodium nitroprusside hyperpolarizes the
majority o f neurons in mouse intact CG/SMG, although a subpopulation o f these showed a
biphasic response, i.e. a hyperpolarization followed by a depolarization (Mazet et al., 1996). NO
reduces the amplitude o f slow synaptic potentials evoked with repetitive nerve stimulation in the
IMG and the NOS inhibitor L-NAME depolarizes the IMG neurons (Anthony et al., 1995).
CGRP does not have a clear effect on synaptic transmission (Amann et al., 1988b). SP
depolarizes half o f intact guinea-pig IMG neurons and meanwhile decreases the cell input
resistance by increasing Na+ and decreasing K+ permeability (Dun & Karczmar, 1979; Minota et
al., 1981). Also radial distension of the large intestine induces EPSPs that are partially mediated
by SP in guinea-pig IMG (Peters & Kreulen, 1986).

The action o f NO on prevertebral ganglion neurons has not been fully characterized,
however. In this study, the action of NO on cultured dissociated CG neurons was investigated by
using whole-cell patch-clamp recordings. CG neurons were chosen because o f their wellcharacterized properties and response to dissociation and culture techniques (Coggan et al.,
1991b; Vanner etal., 1993; Coggan etal., 1994).

1.5. Hypotheses
To understand the functional specification o f individual sympathetic neurons in
prevertebral ganglia in relation to mesenteric arteries and veins, this dissertation was focused on
the final common path in the mesenteric system: the postganglionic sympathetic neurons in
prevertebral ganglia (Figure 1-1).
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Figure 1-1. “Selected” aspects o f prevertebral and primary afferent innervation o f guinea-pig
mesenteric vasculature and intestine.

1.5.1. Hypothesis 1

Separate subpopulations o f postganglionic sympathetic neurons that innervate mesenteric
artery or vein are localized in distinct regions o f the prevertebral ganglia, and differ in soma size
and in neurochemical phenotypes. The firing properties and the underlying membrane currents
that determine properties o f ganglionic neurons that innervate IMA and IMV are different from
each other.

1.5.2. Hypothesis 2

NOS-IR and CGRP-IR primary sensory nerve fibers that surround cells projecting to IMA
or IMV, the distribution o f the peptidergic fibers around arterial and venous neurons differs.
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vascular sympathetic innervation thus preserved.
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Figure 2 - 1. Preparation for retrograde tracing I mesenteric artery and vein.
Foiuorogold was injected into the (MV and rhodamine beads was placed into the
IMA.

For tracer injection, a small incision was made in the aorta proximal to the branch point o f
IMA. A Hamilton syringe (0.164mm OD, 34 gauge) was inserted for intraluminal IMA
perfusion. The artery was first rinsed with 5ml o f distilled water, followed by perfusion with 5
ml o f air. This procedure had previously been shown to remove the layer o f endothelial cells
covering the vessel lumen (Cusma et a l, 1993; Meehan et al., 1991). The vessel was then
perfused for lm in with a solution containing 25% (w/v) phenol to induce limited damage o f the
fine perivascular nerve terminals and promote maximal uptake o f retrograde tracers (Dehal et al.,
1992). The phenol was then thoroughly rinsed away with feeding medium followed by a slow
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perfusion with 5ml o f air and feeding medium again. Rhodamine latex microspheres (“beads”)
0.02-0.2 pm in diameter (Lumafluor Inc. Naples, FI.) or Fluorogold (4%, Fluorochrome Inc.,
Englewood, CO) suspended in neuronal feeding medium were injected into the arterial lumen.
After the injection, the needle was carefully removed from the artery. The open portion o f the
vessel was then sealed by pinching with forceps (Inox #2, Dumont). In the same preparation, the
inferior mesenteric vein was also subjected to this luminal preparation protocol, that is to say,
flushed with water followed by air and phenol, air and feeding medium prior to intraluminal
injection of Fluorogold (if the artery was perfused with rhodamine beads) or rhodamine beads (if
the artery was perfused with Fluorogold).

To avoid leakage o f retrograde tracers, the open

portions o f the vein were sealed with a drop o f cyanoacrylate glue.

In 150-250 g guinea-pigs the total length o f the excised IMA was approximately 69 mm,
while the total length o f the IMV was approximately 79 mm. Upon intraluminal tracer perfusion,
both first and second order branches o f IMA and IMV were filled. Retrograde tracers were rarely
observed to fill the third and lower order branches o f the arteries and veins. The portions o f the
vascular bed filled with the tracers were approximately 50% o f the total arterial or venous length
utilized. Thus the tracers filled approximately 39 mm o f arteries and veins. Controls for the
specificity o f the retrograde tracing experiments were carried out by applying Fluorogold or
Rhodamine beads to the external vasculature and associated tissues, thus allowing the retrograde
tracers to be uptake by non-vascular as well as vascular nerve endings.

The IMG-vascular preparation was then transferred to a clean petri dish containing freshly
made feeding medium (containing antimitotics to inhibit non-neuronal cell proliferation) and
kept for 3-4 days at 37°C. The solution was replaced every 24h. The viability o f the tissue was
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assessed by visually observing the rhythmic contractions o f the colon. Only tissue that was alive
at the end o f the incubation period and did not show any sign o f bacterial or fungal
contamination was processed further. Following 3-4 days o f incubation, the IMG was either
fixed for localization o f labeled neurons and/or immunocytochemical reaction or dissected out
and dissociated for cell culture and electrophysiological recordings.

2.2. Capsaicin treatment
Guinea-pigs were sedated with subcutaneous injection o f sodium pentobarbital (15 mg/Kg
in 0.5 ml) and placed in a chamber oxygenated to inhale a mist o f 20% o f isoproterenol HCL
dissolved in 95% 02/5% CO 2 . This procedure was necessary to prevent the fatal respiratory
choke that the guinea-pigs incur following injection o f capsaicin.

After 20 min in the oxygenated chamber, the guinea-pigs were injected subcutaneously
with 50 mg o f capsaicin dissolved in Tween 80-saline-ethanol solution (10%-80%-10%) and
carefully monitored for signs o f respiratory failure. Only when the guinea-pig had completely
recovered from the capsaicin-induced shock it was returned to the cage. The day following the
first injection o f capsaicin, the guinea-pigs were tested with vanillyl acetone (97%) to confirm
the lack o f sensory ocular reflexes (Peters & Kreulen, 1984). The second and third day, the
guinea-pigs were injected with 100 and 350 mg/Kg o f capsaicin, respectively. Sedation with
sodium pentobarbital and oxygenation with a 20% o f isoproterenol HCL were not necessary for
the 2nd and 3rd day's injection. Control animals were injected with equivalent volume o f vehicle.
The guinea-pigs were utilized for the aforementioned procedures seven days after the 1st
capsaicin injection.

39

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

2.3. Development of new methods
This was a newly developed in vitro method that combined tracer injection, organ culture
and cell culture. An in vivo approach was not chosen, because the slope o f the anesthetic curve o f
guinea-pig is very steep. To ascertain that the in vitro method represents the in vivo conditions,
the percentage o f NPY-IR IMG neurons was used as an indicator. The incidence o f NPY-IR
neurons in cultured IMG was compared with the occurrence o f NPY-IR neurons obtained from
freshly dissected IMG. The number o f NPY-containing neurons do not change during normal
tissue culture (Matsumoto et al., 1993; Keast & de Groat, 1989).

This procedure has a few methodological barriers that had to be overcome due to the
uniqueness o f the preparation containing IMA, IMV and IMG. First o f all was to avoid tracer
contamination o f neurons that do not innervate the segments o f IMA or IMV. Anatomically, the
IMG and its ongoing nerve fibers locate in a region very close to the IMA. Non-terminal portions
of NE axons to the superior mesenteric artery, submucous arteries, myenteric and submucous
plexuses lie together in nerve bundles beside the mesenteric arteries in mammals (Hill et al.,
1987). Thus, intraluminal injection o f tracer was performed applying tracer outside the vessel, to
reduce the tracer contamination to the minimum. Penetration into the vessels is tricky. The IMA
is embedded within the IMG and there is an artery directly branches out from IMA to the IMG.
Therefore, any solution injected had to be above the entrance o f the IMG artery. Secondly,
bacterial contamination had to be avoided. To do so, the dissections were under semi-sterile
condition. The feeding medium modified with antibiotics and antimitotics was freshly made,
which was a crucial factor for getting healthy and labeled neurons. The feeding medium bathed
the preparations were replaced every 24 hours. A proper period o f time is required for
transferring the retrograde tracers. Thirdly, primary cell culture technique was adjusted, since the
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IMGs had stronger and more connective tissue after organ culture. Fourthly, it was important to
quickly find labeled neurons during patch clamp recording. The Fluorogold was bright enough to
distinguish filled and unfilled neurons with UV filters, but faded within seconds.

2.4. Immunocytochemical staining

2.4.1. Fixation of IMG

After tracer injection and three days incubation, the IMGs were dissected free from the rest
o f the mesenteric vasculature, rinsed in phosphate buffered saline containing 0.0015% Triton X100 (PBS-TX, see below) and fixed in Zamboni’s solution (see below) for 3h at 4°C. After
fixation, the ganglia were rinsed 3-5 times with PBS-TX before being stored for 24h at 4°C in
fresh PBS-TX to ensure complete removal o f fixative. The specimens were then rinsed with
fresh PBS-TX. The IMGs were oriented with a piece o f IMA as the landmark along the rostrocaudal axis on a thin (2 mm) slice o f fixed liver that was to provide mechanical support. The
IMGs then were embedded in OCD compound and immersed in a beaker dish containing 2methylbutane refrigerated with liquid nitrogen. This protocol allows extremely fast freezing, thus
preserving the morphological characteristics o f the IMG neurons. The frozen IMG was then
lateral sectioned (16-20pm thick) using a cryostat refrigerated at -22°C (Microm GmbH HM
505E, Germany) and mounted on gelatin-coated cover glass. There were 8-10 sections were
harvested per ganglion. Every other sections (16 pm thick) were collected to avoid a double
counting o f neurons, because the diameter o f prevertebral neurons is around 40 pm.

2.4.2. Localization of labeled neurons

Labeled neurons in each ganglion lobe were placed in a ‘average’ or stylized drawing o f
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the ganglia. The ganglion lobe viewed under fluorescent microscope (400x) was divided into 4
quadrants by superimposing a crosshair (perpendicularly) to allow medio-lateral and rostrocaudal placement o f identified neurons. At the 1/4 o f the crosshair (« diameter/4), the quadrants
which were then divided into central and peripheral areas. The inner area was taken as a
reference for medial region, and the outer area was taken as peripheral region o f the IMG. Using
an Olympus BH-2 microscope (200x, 400x final magnification) equipped with UV and TRITC
filters, the labeled neurons were identified with two nuclei, counted and placed relative to the
crosshair markers. UV filters were used to identify Fluorogold labeled neurons, while TRITC
filters were used for the identification o f rhodamine filled neurons. Labeled neurons were
photographed with an Olympus OM-26 camera with an autoexposure system using Fujichrome
film rated at 100 or 400 ASA. The photos thus obtained were scanned using a Sprint scanner for
imaging analysis o f cross-sectional are o f soma and the densities o f peptidergic fibers that around
identified neurons.

2.4.3. Determination of the size of retrogradely labeled neurons

Labeled and/or unlabeled neurons showing two nuclei were first identified with the use of
appropriate fluorescence filter. The microscope filters were then changed to brightfield view for
the analysis. The size o f the identified neurons was calculated with the aid o f Optimas Image
Analysis Software (Optimas Corp., Bothell, WA) by measuring the cross-sectional area
circumscribed by manually drawing a line around their border with a cursor. The cross-sectional
areas were determined for labeled arterial neurons, venous neurons and unlabeled neurons
obtained from the same ganglion.

2.4.4. Immunocytochemistry
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When immunocytochemical procedures were to be performed, only one vessel (i.e. either
IMA or IMV) at the time was perfused with the retrograde tracer Fluorogold. Labeling with
Fluorogold only was necessary in order to allow correct identification o f labeled neurons in that
Fluorogold fluorescence is visible with UV filters only (X excitation 323 nm, emission 408 nm),
while rhodamine beads and rhodamine-conjugated secondary antibodies are both visible with
TRITC filters (X. excitation 541 nm, emission 572 nm).

Immunocytochemical reactions were conducted for the following neuropeptides-enzymes:
Neuropeptide Y; Calcitonin gene related peptide; Substance P; and Nitric oxide synthase (see
section 2.6.7 for description of the antibodies). The cover glass with sections o f the IMG was
placed in a wet chamber where the primary antibody (diluted at the appropriate concentration
with PBS-TX-BSA, see below) was applied; the cover glass was then placed in a 37°C oven for
30 min. At the end o f the incubation period the primary antibody was drained o ff and the cover
glass placed in PBS-TX-BSA solution (see below) for 15 min, being rinsed every 5 min. The
cover glass was then taken out o f PBS-TX-BSA, back dried and returned to the wet chamber
where the secondary antibody was applied (with PBS-TX-BSA, FITC-conjugated diluted as
1:100, rhodamine-conjugated diluted as 1:1000). The cover glass was then placed in the oven at
37°C for 30 min. At the end o f the incubation period, the secondary antibody was drained off and
the cover glass was placed in PBS-TX-BSA for 15 min being rinsed every 5 min. Then one drop
o f the antioxidant Fluoromount-G® was applied to a microscope slide to which the cover glass
was mounted.

2.4.5. Immunocytochemical analysis of cell bodies

Labeled and/or unlabeled neurons were first identified with the use o f UV filters. Their
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relative positions were marked, then the FITC-filters were activated for analysis o f NPY positive
neurons. NPY positive cell bodies were expressed as:

i)

a percentage o f the total number o f neurons (both labeled and unlabeled)

ii) a percentage o f those neurons identified by retrograde tracers as projecting to the IMA
iii) a percentage o f those neurons identified by retrograde tracers as projecting to the IMV.

2.4.5.1. Data analysis

Statistical analyses (student’s t-test) were carried out with significance set as P < 0.05.

2.4.6. Immunocytochemical analysis of fibers

After the labeled and/or unlabeled neurons were identified, their relative positions were
marked before FITC- (for CGRP and NOS) or TRITC- (for SP) filters were activated.
Quantitative evaluation o f the intensity or density o f immunoreactive fibers in the IMG were
determined on digitized images using the Oncor Image System (Oncor, San Diego, CA),
Biological Detection Systems (BDS), and Optimas Image Analysis Software (Optimas, Bothell,
WA). Prior to the quantification o f an acquired image, background subtraction and high pass
filtering to sharpen the contrast were performed. The region o f interest, which was the area
surrounding individual neurons where fiber density was measured, was selected by cursor
manually drawing a line 10pm around the border o f ganglionic neurons. For measuring intensity,
i.e. the degree o f gray scale (the inverse log o f the integrated gray value), was determined and
expressed in arbitrary units. Fiber density (average gray value), i.e. the fraction o f the region o f
interest occupied by fluorescence, was calculated as percentage o f density area and saved in a
Microsoft Excel data file, the greater the percentage area, the denser the innervation (Dey et al.,
1991; Schmidt et al., 1996). The fiber densities were determined for labeled arterial neurons,
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venous neurons and unlabeled neurons obtained from the same ganglion.

2.4.6.I. Data analysis
Data were analyzed with the use o f one way ANOVA and Student t test, the level for
significance was set at P <0.05.

2.4.7. Solutions

IMG-vascular culture solution (100 ml): 2.5 ml o f guinea pig serum, 1 ml o f 200 mM
glutamine, 1 ml o f 30% o f glucose, 1 ml penicillin/streptomycin (10,000 units penicillin and 10
mg streptomycin/ml), 1 ml o f fresh vitamin (DMPH4 1 mg/20 ml; glutathione 5 mg/20 ml; Lascorbic acid 100 mg/10 ml), and 1 ml o f antimitotics (cytosine arabinoside: 10 mM;
fluorodeoxyuridine: 10 mM), added in 92.5 ml o f MEM (with Eagle’s Salts).

Zamboni solution: paraformaldehyde 32 g, saturated picric acid 240 ml, KH 2P 0 4 5.25 g,
N a2H P0 4-7H2O 53.6 g, and H20 1600 ml.

Phosphate buffered saline (PBS-TX): a) NaCl 13.5 g, N a2H P0 4-7H20 40.2 g, Triton X 100
2.25 ml in H20 1550 ml; b) NaCl 1.35 g, FCH2P 0 4 2.04 g, in H20 150 ml.

Phosphate buffered saline-triton X-Bovine serum albumin (PBS-TX-BSA) buffer: lg o f
bovine serum albumin/100 ml o f PBS-TX buffer.

Primary antibodies: Polyclonal rabbit antibody raised against a C-terminal fragment o f
cloned NOS enzyme from rat cerebellum (Eurodiagnostica Inc., Malmo, Sweden), dilution
1:100; polyclonal rabbit anti-CGRP (# B220-1, Peninsula Labs, Belmont, CA), dilution 1:100;
monoclonal rat anti-SP (Sera-Lab, Westbury, NY), dilution 1:50. Primary anti-NPY antibody
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(rabbit anti-NPY IgG 1:100).

Secondary antibodies: FITC-conjugated goat anti-rabbit IgG (ICN Biochemicals, Costa
Mesa, CA), dilution 1:100; rhodamine-conjugated goat anti-rat IgG (Southern Biotechnology
Associated Inc., Birminham, AL), dilution 1:1000.

2.5. Primary cell culture

This method was established previously in this lab (Coggan et al., 1991a), which is a
modification o f procedures developed for rat superior cervical ganglion. The IMG or CG were
excised free, enzymatically dissociated (Hank's solution with papain 9mg/ml; collagenase
1mg/ml; dispase 4mg/ml) and plated as a monolayer onto poly-D-lysine coated glass bottomed
35mm culture dishes (MatTak Corp., Ashland, MA). The cells were then maintained in neuronal
feeding medium (see below) at 37°C in a 5% C 0 2 / 9 5 % O2 humidified incubator. The feeding
medium was replaced every 3 days.

2.5.1. Neuronal dissociation and primary culture methodology

Freshly dissected IMG and IMG-vascular preparations injected with neuronal retrograde
tracer(s) were utilized for primary neuronal cell cultures. In detail, the ganglion was dissected out
and placed in plating medium, fat and vasculature was removed using #5 forceps; the ganglia
were not desheathed. The IMG was then transferred to a tube and washed 2X with Hanks
balanced salt solution without calcium or magnesium (CMFH). The IMG was then incubated for
10 min at 37°C in 3 ml o f filter-sterilized (0.2pm) papain (Cooper/Worthington) that has been
activated by 0.4 mg/ml o f L-cysteine. After 10 min the IMG was washed 2X with 10ml L15
medium containing 10% Fetal C alf Serum (FCS) to inactivate papain. The IMG was then
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incubated and triturated at 37°C in a second filter-sterilized enzyme solution containing 1 mg/ml
collagenase (Worthington) and 4 mg/ml dispase (Boerhinger-Mannheim) in CMFH. The IMG
was then gently triturated 25X every 10 min with a long neck, cotton-plugged, flame-polished
Pasteur pipette. Trituration continued until single neurons were obtained (confirmed
microscopically), usually 2-3 cycles o f trituration are necessary. The tube was then allowed to sit
for 5 min so that the large clumps o f undissociated cells settle to the bottom. The suspended cells
were then pipetted off, the suspension layered in a centrifuge tube containing 7 ml L I5-10% FCS
and spun in a tabletop centrifuge at % top speed (3000 g) for 4 min. The supernatant was
removed and discarded, and the pellet resuspended in 5 ml L I5-10% FCS and spun again. The
pellet was resuspended in growth medium to attain a plating density o f approximately

1000

cells/cm2. For the inferior mesenteric ganglion this yields up to 4 dishes/ganglion. Cells were
maintained in feeding medium (see below) at 37°C in a 5% CO 2 humidified incubator. Twothirds o f the feeding medium was replaced every 3 days.

Cells were cultured in 35 mm tissue culture dishes with a 9 mm hole drilled in the bottom,
and a collagenated glass coverslip attached to the outside with the collagen facing into the dish.
This provides a well in which the cells remain confined. Coverslips were collagenated with a
collagen solution prepared from rat tail (see below). For mass cultures collagen is applied to
cleaned square coverglass using Sylgard (184 silicon) as a squeegee. The coverglass are allowed
to dry before subjection to ultraviolet irradiation to sterilize.

A number o f non-neuronal cells was present in all o f the cultures for the first one to two
days but largely eliminated by the addition o f antimitotic agents (see below). The difference
between acute and tracer-treated IMG was that less time was used for dissociation o f the tracertreated IMG, since the organ cultured IMG had stronger and more connective tissue. The neurons

47

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

were studied with patch clamp recording technique within 3 days after plating (see below).

2.5.2. Incubation and growth

Newly plated neurons were allowed to incubate, undisturbed, for 24 hours before feeding.
Growth medium added at this point contained 10 mM cytosine arabinoside and 10 mM
fluorodeoxyuridine to inhibit growth o f non-neuronal cells. Cells were fed every 3 days by
aspirating % o f the old medium and slowly (over 20-30 seconds) delivering an equal volume o f
fresh medium using Pasteur pipettes. Cultures can be kept at 37°C, in humidified air (with 5%
CO 2), for several days.

2.5.3. Solutions

Plating medium: was prepared from L-15 base by adding 1000 ml o f sterile, glass distilled
water to one packet of L-15 powder (Gibco, #430-1300). To the solution is added
penicillin/streptomycin (10,000 U/ml 1 mg/ml) solution, 1 ml 200mM glutamine, 1.2% glucose,
and 10% fetal calf serum (FCS). The pH was adjusted to 7.4 with IN HC1. The solution was
filter-sterilized (Nalge #450-0020) and refrigerated no longer than one month.

Growth/feeding medium: was prepared from MEM (with Eagle’s Salts, Flow #10-101-20)
2.5 ml o f guinea pig serum, 1 ml 200 mM glutamine, 1.2 g glucose, 1 ml o f fresh vitamin mix, 1
ml penicillin/streptomycin and to 100 ml o f MEM. This medium was used for the final
resuspension o f cells, as well as for the base o f the 10% FCS centrifugation. Nerve growth factor
was added at a final concentration o f 50 ng/ml.

Collagen solution: was prepared from rat tail. Rats’ tails were broken o ff in small segments
to pull the collagen fibers out. The fibers were snipped o ff and extracted in 0.1% sterile acetic
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acid (75 g wt/100 ml acetic acid) for 48 hours before being spun at 30,000 rpm for 90 minutes to
remove undissolved collagen.

2.5.4. Identification of neurons labeled with retrograde tracers in cell culture

On the second to the fourth day o f culturing, culture dishes containing IMG neurons were
transferred to the stage o f an Olympus IMT-2 inverted microscope equipped with UV and
TRITC fluorescent filters for visualization o f Fluorogold and rhodamine, respectively. The
culture dish was perused with Krebs’ solution (see below) at a rate o f 2 ml/min. The temperature
o f the perfusion solution was held constant at 37°C with the use o f a heating controller (TC-202,
Medical Systems Corp. Greenvale, N.Y.). The cells were briefly (1-2 s) viewed, short exposure
(1-3 s) appears critical to maintaining physiological integrity as judged by Christian et. al.
(CHRISTIAN et al., 1993), with fluorescent illumination to identify neurons labeled with
retrograde tracers. As soon as a filled neuron was detected, the fluorescence illumination was
switched o ff and the neurons were viewed with bright illumination. Only neurons field with
Fluorogold survived during the cell culture. Rhodamine-filled cell can be observed in living
dissociated neurons after dissociation o f the IMG. Rhodamine beads filled neurons did not
appear after the first day o f the cell culture, even though it has been reported that rhodamine
beads label and its fluorescent excitation neither alter basic electrophysiological membrane
parameters (intracellular recording o f membrane potential, input resistance, action potential over
shoot > 0 mV, total action potential duration, and spike AHP duration) nor the chemoreceptive
properties of isolated neurons (CHRISTIAN et al., 1993).

2.6. Patch clamp recording and protocols

The aim o f this part o f the study is to test the hypothesis that the electrophysiological
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properties o f artery neurons are unique and distinctive from vein neurons. The use o f cultured
prevertebral neurons and patch clamp techniques provide more careful examination o f
electrophysiological properties o f the neurons than from intact ganglia with the use o f
intracellular recordings (Coggan et al., 1994; Xian et al., 1994; Vanner et al., 1993).

2.6.1. General methods
The day o f the experiments, the culture dish was transferred to the stage o f an inverted
microscope (Olympus IMT-2) equipped with fluorescent filters. The dish was perfused with
Krebs’ solution (experimental E k=-89.3, see below). The cells were viewed briefly with
fluorescent illumination to identify the presence o f cells filled with retrograde tracers; to observe
Fluorogold, which requires an excitation wavelength o f 323nm, I used ultra violet (UV) filters.
While to observe rhodamine beads, excited at 570nm, and requires tetramethyl rhodamine
isothiocyanate filters (TRITC). Once labeled neurons were identified, which were usually
isolated, bright field was used to approach a pipette to the neuron for the recordings (see below).
Thus, the characteristics o f arterial neurons and venous neurons were obtained. The experiments
were carried out at 35°C with a Bipolar Temperature Controller™ (Medical Systems Corp.).

Borosilicate patch pipettes with a tip resistance o f 3-7MQ were used for the recordings.
After immersion o f the pipette in the perfusate, the voltage offset was manually balanced and a
positive pressure (blow) applied to prevent pipette from clogging. The pipettes were driven onto
the cell surface under visual control by a 3-D micromanipulator. The tip resistance o f the pipette
was continuously monitored on the computer screen following pulsatile steps o f lm V for 20ms
duration and 10Hz frequency. When the resistance increased, meaning that the tip o f the pipette
has touched the cell membrane, a negative pressure (suction) was applied to the pipette and the
neuron was hyperpolarized to increase the seal resistance. The pipette then broken into the cell
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(the membrane was drawn into the pipette) by applying a negative pressure (suction) when the
seal resistance reached >1GQ. Only recordings having a series resistance (i.e., pipette + access
resistance) < 15MQ were used.

When the impalement was stable, i.e. with zero holding current at a range o f resting
membrane potential (around -50 mV), neurons were then clamped at -60 mV and depolarized for
1.2 s via injection o f DC positive current o f graded intensity (200 pA increment for 4-5 steps) in
current clamp configuration. Neurons were then classified as phasic or tonic by their discharge
characteristics, on the basis o f their responses to the passing o f depolarization current at three
times o f rheobasic strength (Boyd et al., 1996). Neurons that fired action potentials only at the
onset o f the depolarizing current pulses were defined as phasic, whereas tonic neurons were
determined as they fired action potentials throughout the duration o f the depolarizing stimulus
(Crowcroft & Szurszewski, 1971; Kreulen & Szurszewski, 1979a). The phasic and tonic neurons
were classified and analyzed separately. The membrane currents were characterized. The
characteristics o f those currents including ionic species, current amplitude, reversal potential,
activation, inactivation and time constants were determined. In order to do so, ion substitution
solutions were freshly prepared and diluted in Krebs’ at the desired concentration, and the
experiments were conducted by controlling the perfusion onto the recording dish with manually
operated valves.

To avoid cell response rundown via internal solution exchange, i.e. “dialysis”, the
intracellular solution was carefully composed by using ATP, GTP, Mg++ (see section 2.6.6.), and
pH 7.4 was adjusted using potassium hydroxide (1 M) with a pH meter (Jenco 6 7 IP). Osmolality
was measured with an Osmometer (5500 Vapor Pressure Osmometer, Wescor), adjusted from a
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higher mOsm to 280-290 mOsm for intracellular solution and 295-305 mOsm for extracellular
solution. All the intracellular and extracellular solutions used for patch recording were the same
otherwise indicated.

Electrophysiological data were digitized via a TL-1 DMA interface and a DigiData 1200
interface (Axon Instruments, Foster City, CA), and acquired and stored on an IBM PC (486)
utilizing the Clampex-pClamp 6 software (Axon). Data analysis was performed using the
Axopatch and Axoclamp software. Clampfit software (version 6.0.5.4) was utilized for all the
measurements, which were automatically stored in a linked Excel file for further statistical
analysis. The current measurement was not leaking subtracted.

2.6.2. Recording of voltage dependent potassium currents

The voltage-dependent potassium current Im and Ia are considered responsible, in most
cases, for the phasic or tonic behavior o f prevertebral sympathetic neuron. Experiments were
conducted to ascertain their presence in dissociated IMG and CG neurons. I also performed
voltage clamp experiments to determine the presence o f voltage-dependent potassium currents
and calcium-activated potassium currents, namely

I m , Ia , I k v , I R

and

Ia h p- Iah p

are the currents

underlying after-hyperpolarization (AHP), was investigated. The AHP was studied under current
clamp. The percentage o f the currents, their maximum amplitude and time constant, their V-I
relationships and activation/inactivation characteristics were determined.

2.6.2.1. M current (Im)

The voltage protocols for investigating IM: initial Vhoid was -30mV, incremental steps o f lOmV for 500ms were performed every 10 seconds to reach the final Vh0id o f -llOm V. The
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steady state (Iss) o f Im inward relaxation was measured at

1 -2

s after the instantaneous current

(Ijnst) with reference to zero current. The V-I curve o f Ijn* and Iss were reconstructed using the
values o f steady state subtracted the instantaneous current. Iss less than 20 pA were not included
in the data. In some neurons, Im tail current was measured when the holding potential was
stepped back to -30 mV from the command steps 2 sec after the initial relaxation. They are
outward relaxations at the end of each step. The tail current represented the M channel
reopening, the different size o f tail current is a function o f how many channels were opening at a
given "command potential". The inward relaxation was fit the single exponential function:

I=Al*exp{-(t-K)/Tl}+C

where / is the peak o f the Im, A I is the maximal amplitudes o f the Im, t is the time and is
the time constant for the decay.

2.6.2.2. A current (Ia)

Ia

was studied in the presence o f TTX (0.3-lpM ) and Co** (2-5mM) in order to avoid

contamination o f the current by activation o f

l e a ’s

or

Inb-

The

IA

inactivation was constructed

upon -10mV-350ms-long hyperpolarizing steps from a Vhoid o f -50mV to a final Vh0id of-120m V
and repolarization to -20mV. The amplitude o f

Ia

inactivation was normalized to the highest

value at -120 mV, and the hoo was constructed. The Ia activation curve was constructed in the
following way: from a Vhoid o f -50mV the membrane was hyperpolarized to -1 lOmV for 350ms
and then depolarized to a final Vhoid o f -50 to +20mV in lOmV individual steps every 10s. The
measured currents were subtracted from the current values obtained upon the same
depolarization NOT preceded by the hyperpolarization steps, since Ikv are elicited at the same
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voltage range with IA, the

Ikv

traces were subtracted from

Ia

to give rise to the IA alone. The hoo

provided the activation potential, the Imax for inactivation removal and the I50, while the V-I
curves o f absolute value provided information about the threshold potential and the amplitude o f
each type o f neurons. IA evoked by conditioning depolarization step directly from resting
membrane potential was not performed. Due to the “peak” amplitude were shifted, IA activation
was manually measured for accuracy.

2.6.2.3. Delayed rectifier current (Ikv)

Ikv

was investigated in the presence o f TTX (0.3-IpM ) and Co** (2-5mM) to avoid

contamination o f the current by activation o f lea s or In8- Neurons were voltage clamped at -50
mV for 450ms and repolarized (250 ms) from -60 mV to +20 mV for 200 ms in 10 mV
increments every 10s before being returned to the final Vhoid o f -50 mV. The voltage protocol for
activation o f Ikv is described with IA protocol (see 2.6.2.3.), the current subtracted from the IA
activation protocol. The Ikv was measured at 500 ms after onset and the V-I curves were
reconstructed. The t o f tail current was measured within 100 ms after the Vcommand was returned
to the initial Vhoid o f -50 mV.

2.6.2.4. After-hyperpolarization

The calcium-activated potassium currents is the currents

(Ia h p)

underlying the after

hyperpolarization after single spike or following bursts o f action potentials (Pennefather et al.,
1985; McFee & Yarowsky, 1979; Cassell & McLachlan, 1987b). The after-hyperpolarization
was studied using current clamp CG neurons and with voltage clamp in both IMG and CG
neurons.
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2.6.2.4.1. Current clamp
In the current clamp configuration, neurons were held at -50 mV (resting membrane
potential) and depolarizing currents 100 to 150 pA were delivered for 0.5 to 1 s in 2 to 4 steps at
10 s intervals, which was to induce action potentials and the AHP. The spike frequency
adaptation, the amplitude o f initial and decay AHP (mV) and time constant (t) o f the decay were
analyzed. The calcium-activated potassium channel blockers (apamin, TEA) and ion substitution
(Co**, Cs* and Ba**) were studied without attempting to distinguish different type o f the
currents.

2.6.2.4.2. Voltage clamp

Macroscopic membrane currents underlying the neuronal membrane behavior were
characterized in the voltage clamp configuration. These currents represent the summation o f the
unitary currents flowing through the single channels present on the neuronal membrane. The
cells were held at -rO mV for 120 ms. a large depolarizing voltage command to +20 mV was
applied for 20 ms followed by seven hyperpolarization steps for 100 ms in 10 mV increments
from -20 mV to -80 mV before being returned to the Vhoid o f -50 mV. This protocol evoked tail
current, the

Ia h p- A s

in current clamp studies, the amplitude and the time constant (t) o f the

I ahp

were studied in presence of calcium-activated potassium current blocker (apamin, TEA), or with
ion substitution (Co++, Cs* and Ba**).

2.6.2.5. "Inward rectification" was tested with a ramp protocol
Inward rectification was investigated in voltage clamp with a ramp protocol. The cell was
held at -60 mV, followed by a hyperpolarization step to -100 mV for 3.6 s, the ramp o f 100 mV
was applied for 14.4 s and reached the final step at 0 mV before being stepped back to the the
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original Vhoid o f -60 mV. The rate o f the ramp was 7mV per second. The activation threshold o f
the IR was measured visually without attempt to separate inward rectifier

( I k ir )

from

hyperpolarization activated cationic current (Ih). The amplitude o f inward rectification was not
quantified with the ramp protocol.

2.63 . Dissociation and culture of CG neurons

CG were dissected, dissociated and cultured as previously described for IMG (see
paragraph 10 and Coggan et al., 1991). The experiments studied the action o f exogenously
applied substances, specifically the NO-donor S-nitroso-acetyl-penicillamine (SNAP) on
dissociated CG neurons using the ramp protocol described above. CG neurons provide a higher
yield o f plated neurons that is approximately 10-20 x 103 neurons (Matsumoto et al., 1993).

The effect o f SNAP on

Im , I a , I k v , I a h p , I R ,

and currents evoked by the ramp protocol, and

on AHP were investigated. The protocols used were as the same as in IMG neurons (see 2.6.2.).
A ramp protocol was utilized for testing the effect o f SNAP. The cell was held at -60 mV,
followed by a hyperpolarization step to -100 mV for 3.6 s. The ramp o f 7 mV/second was then
applied for 14.4 s and reached the final step at

0

mV before step back to the original Vh0id o f -60

mV.

2.6.4. Drug delivery

Drugs were applied by a u-shaped suction-ejection tube (‘cloud-burst’ method, (Krishtal &
Pidoplichko, 1980); see also (Coggan et al., 1994)). In this drug application method, a reservoir
containing the solution to be delivered is placed above the perfusion chamber. A tygon tube (ID
0.58 mm, OD .965 mm) inserted into the reservoir connects it to the perfusion chamber and
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allows drug delivery by gravity to a restricted area o f the perfusion chamber. When perfusion
with the drug is not necessary (i.e. during the identification and approach to the cells, or during
wash our procedures), the release o f drug is prevented by negative pressure applied to the distal
end o f the tiggon tube by a vacuum pump. A vacuum valve connected to a computer controls the
open (drug delivery) and close (drug "suctioned away" states o f the "cloud burst" as well as the
duration o f drug delivery. The drugs were “puffed” and the time periods sufficient to allow a
steady-state response to be obtained. The cloudburst method allows rapid application and
removal o f drugs to a discrete area, limited to the neuron being recorded from.

Reduced hemoglobin (Hb; 20pM ), apamin (lOOnM) charybdotoxin (lOnM), 4-AP (Im M ),
TEA (5-20mM); tetrodotoxin (TTX; lOOnM) and Krebs’ containing cobalt (Co**; 2mM), cesium
(Cs+; 2mM) or barium (Ba++; 2mM) were applied by superfusion for a minimum o f 10 minutes
prior to the drug test.

2.6.5. D ata analysis

Data were represented as mean ± SEM (5-10 neurons were averaged). Upon testing the
effect o f agonists/antagonists, each preparation will serve as its own control, i.e., the results
obtained before addition o f agonists/antagonists will be compared to the results obtained after
their administration using the paired Student’s t-test. In the case that two separate populations o f
cells are analyzed, ANOVA followed by the grouped Student’s t-test will be utilized. More than
two population o f cells was analyzed with ANOVA and Duncan tests. The level for significance
was set at 5%. Excel (7.0), JUMPIN (3.0), and SigmaPlot (6.0) were used for data analysis and
illustration.

57

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

2.6.6. Solutions
Krebs' solution (mM): NaCl 120; NaHCOj 26; KC1 3.75; M gCh 1; CaCh 2; Dextrose 5;
maintained at pH 7.4 by bubbling with O 2/CO 2 (95%/5%).

Intracellular patch electrode solution (mM): KC1 144.5; M gCh 2; EGTA 0.5; HEPES 5;
ATP 4; GTP 0.25; pH adjusted to 7.35 with KOH.

Intracellular solution composition (mM): 1) KC1 144.5; M gC^ 2; EGTA 0.5; HEPES 5;
ATP 4; GTP 0.25; pH adjusted to 7.35 with KOH. 2) When cesium was used as the current
carrier, the following pipette solution was used (mM): Cs-gluconate 140; HEPES 10; EGTA 1;
NaCl 10; CaCl2 0.3; TEA 20; ATP 4; GTP 0.25; pH adjusted to 7.35 with NaOH.

Reduced hemoglobin: Hemoglobin was reduced with sodium dithionite following the
method of Martin et al., (1985). The resulting solution was kept (-20°C) for a period o f not
longer than

2

weeks.

2.6.7. Chem icals an d suppliers

Rhodamine latex microspheres were purchased from Lumafluor Inc. (Naples, FI.) and
Fluorogold

was purchased from Fluorochrome Inc. (Englewood, CO).

Rabbit anti-NPY

antibody was purchased from Peninsula Labs (Belmont, CA), the FITC-labeled goat anti-rabbit
IgG secondary antibody was purchased from ICN Biomedicals, Inc. (Aurora, OH) and the
Fluoromount-G® mounting medium was purchased from Southern Biotechnology Associates,
Inc. (Birmingham, AL). MEM, HBSS, penicillin-streptomycin and L-glutamine from Gibco
BRL (Grand Island, NY); DMPH 4 from Calbiochem (San Diego, CA).
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Papain and collagenase were purchased from Worthington Biochemical Corp (Freehold,
NJ); dispase was purchased from Boehringer Mannheim GmbH (Mannheim, Germany); MEM,
HBSS, Fetal Bovine Serum, penicillin-streptomycin and L-glutamine from Gibco BRL (Grand
Island, NY); DMPH 4 from Calbiochem (San Diego, CA); guinea-pig serum from Chemicon
(Temecula, CA). All other drugs, chemicals and reagents were purchased from Sigma Chemical
Co. (St. Louis, MO).

S-nitrosoacetylpenicillamine (SNAP) was purchased from Molecular Probes, Inc. (Eugene,
OR). Papain and collagenase were purchased from Worthington Biochemical Corp. (Freehold,
NJ), dispase from Boehringer Mannheim GmbH. (Mannheim, Germany), MEM and penicillinstreptromycin from Life Technologies (Grand Island, NY), and DMPH 4 from Calbiochem (San
Diego, CA). All other cell culture reagents and chemicals were from Sigma Chemical Co. (St.
Louis, MO).
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3. RESULTS

3.1. Introduction
This study combined several experimental approaches that enabled us to characterize the
function-specific pathways o f vasomotor neurons o f the mesenteric circulation with their distinct
properties. Based upon my hypotheses that the mesenteric artery and vein are innervated by
different groups o f neurons, the neurons were proposed to have unique topographical,
neurochemical and electrophysiological phenotypes that distinguish several neuron groups in the
prevertebral ganglia, including: celiac from inferior mesenteric neurons, vasomotor from
nonvasomotor neurons and arterial neurons from venous neurons.

To test the hypotheses, three major techniques were utilized. First, neuronal retrograde
tracing was used to identify sympathetic ganglionic neurons that innervate mesenteric artery and
vein. Second, immunocytochemical staining provided a way to identify certain neurotransmitters
in the sympathetic neurons and in the fibers innervating them. Third, we characterized the
electrophysiological properties o f the neurons using whole cell patch clamping techniques.

3.2. Summary: Arterial and venous neurons have distinct coding fo r their own functionspecific pathway
The findings showed that the neurons that innervate the artery are a separate population o f
neurons from the neurons that innervate the vein. In guinea-pig IMG, there was a topographical
organization o f vascular neurons projecting to the IMA and IMV, respectively. Arterial neurons
were smaller than the venous neurons and vascular neurons we: ’ smaller than

v is c e ra l

neurons.

NPY-IR was detected in a subpopulation o f arterial neurons, but not in any venous neurons.
Nerve fibers that contained CGRP-, NOS- and SP-IR surrounded all types o f neurons in the
IMG. The density o f the fibers containing each o f the substances showed a distinct distribution
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pattern for each type o f ganglion cell studied. SP-IR fibers were solely o f primary sensory origin
whereas CGRP- and NOS-IR fibers came from other sources as well. In contrast to nonvascular
neurons that contained characteristic proportions o f phasic and tonic neurons, all arterial and
venous neurons fired tonically in response to long depolarizing stimuli. A variety o f voltagedependent membrane currents were found in all prevertebral neurons; the arterial neurons
comprise higher proportion o f inward rectification than venous neurons and unlabeled neurons.

3.3. Definition o f neuron types
These studies were carried out in both intact ganglia and in dissociated neurons. These two
types o f preparations were obtained from both ganglia that had been organ-cultured for 3 days
and from ganglia that were freshly dissected from the guinea pigs. It is important therefore that I
specify and define the different groups, which I do below.

3.3.1. Ganglia
Intact ganglia refers to ganglia removed from animals that were not dissociated for
neuron culture, it included non-capsaicin treated and post capsaicin treated animals. The intact
ganglia can be either freshly dissected (Acute ganglia) or organ cultured (Organ cultured

ganglia). In intact ganglia I studied identification o f neurons, the immunocytochemistry o f the
ganglionic neurons and the fibers surrounding them. I also studied immunocytochemistry o f
fibers in some CG preparations.

Acute ganglia were ganglia that were not organ cultured, it consisted o f freshly dissected
ganglia and freshly dissociated ganglia. The acute ganglia were either non-capsaicin treated or
post capsaicin treated. In these ganglia I could determine the immunocytochemistry o f neurons
and nerve fibers but I could not identify arterial or venous neurons.

Organ cultured ganglia were placed in organ culture for 3 days. They were from either
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non-capsaicin treated or post capsaicin treated animals. They were either sectioned to identify
arterial and venous neurons or dissociated for electrophysiological studies. Those neurons that
did not take up label were called unlabeled neurons (see below).
Identify
neurons,

' Intact
Ganglia
Freshly
Dissected

Acute
Neurons

Arterial
Neurons

O rgan culture
v 3 days

O rgan
C u ltu red
G a n g lia

Acute
Ganglia

Sectioned

Sectioned

Unlabeled
Neurons

Dissected
A cu te
N e u ro n s

Venous
Neurons

A rterial
N eu ro n s

Patch recording

V enous
N eu ro n s

Un labeled
N eu ro n s

Patch recording

3.3.2. Neurons
Neurons were enzymatically dissociated from prevertebral ganglia. I used isolated neurons
to record the electrophysiological properties using patch clamp techniques.
A cute neurons were neurons that were obtained from ganglia without prior application o f
retrograde tracers or period o f organ culture.
O rg an cultured neurons were neurons obtained following 3 days o f organ culture.
3.3.2.1. A rterial neurons
Neurons that did stain positive for retrogradely transported tracer following application o f
either Fluorogold or rhodamine beads in the lumen o f the IMA.
3.3.2.2. Venous neurons
Neurons that did stain positive for retrogradely transported tracer following application o f
either Fluorogold or rhodamine beads in the lumen o f the IMV.

62

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

following application o f either Fluorogold or rhodamine beads in the lumen o f the IMV.

3.3.2.3. Unlabeled neurons
Neurons that did not stain positive for any retrogradely transported tracers.

3.4. Artery and vein are not innervated by the same neurons
In 30/43 IMGs, a total o f 593 neurons were found labeled with either Fluorogold or
rhodamine beads. Double labeling o f the same neuron with both Fluorogold and rhodamine
beads was never found (Figure 3-1E). Thus, artery and vein were not innervated by the same
neurons. The experiments were performed in three different ways: 1) the Fluorogold was
perfused intraluminally in IMA and rhodamine beads were placed intraluminally in IMV or vice
versa (n=12/13 guinea-pigs, 10 arteries, 9 veins); 2) either the Fluorogold or rhodamine beads
were perfused into IMA only (n=8/16 guinea-pigs); 3) either the Fluorogold or rhodamine beads
were perfused into IMV only (n=7/l 1 guinea-pigs).

In 22 IMGs, a total o f 338 arterial neurons wrere found. Rhodamine beads were used in 4
preparations and 42 neurons were later found to contain the retrogradely transported beads
(Figure 3-1A and F). Fluorogold was used in 18 preparations and 296 tracer-containing neurons
were identified (Figure 3-1F).

A total o f 255 venous neurons were found in 16 IMGs. Rhodamine beads were used in 5
preparations and a total o f

68

neurons were later found to contain the retrogradely transported

beads. Fluorogold was used in 11 preparations and 187 tracer-containing neurons were identified
(Figure 3 -IB).

The average number o f labeled arterial neurons per ganglion was not significantly different
from the average number o f venous neurons. The number o f labeled arterial neurons was
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10.1±2.1 (n=l9) per ganglion. The number o f labeled neurons was 7.7±2.5 (n=13) per
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Figure 3-1. Summary o f labeled neurons.
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A
B

C
D

E

F

Two retrogradely-labeled arterial neurons (arrows) following injection o f rhodamine beads into
the IMA.
Scheme o f the IMG depicting the location o f the labeled arterial vascular neurons shown in (A)
above; the dotted box represents the borders o f the photomicrograph. Arterial neurons are shown
as the filled circles while unlabeled neurons are shown as unfilled circles. Note the arterial
neurons are located towards the center o f the caudal lobe o f the IMG.
Retrogradely-labeled venous neuron (arrow) following injection o f Fluorogold into the IMV.
Scheme o f the IMG depicting the location o f the labeled venous vascular neuron shown in (C)
above; the dotted box represents the borders o f the photomicrograph. The venous neuron is shown
as the filled square while unlabeled neurons are shown as the unfilled circles. Note the venous
neuron is located towards the periphery o f the rostral lobe o f the IMG.
Scheme o f the IMG depicting the location o f retrogradely-labeled arterial and venous neurons
from four guinea-pigs following injection o f rhodamine beads into the IMA and Fluorogold into
the IMV. Arterial neurons are shown as circles, venous neurons as squares; corresponding
shading for both arterial and venous neurons is used to indicate the guinea-pig from which the
results were taken. Note the clustering o f arterial neurons in the center o f both lobes o f the IMG
while the venous neurons are located more peripherally.
Survey o f acute arterial neurons and venous neurons per ganglion, they were filled with either
rhodamine beads or Fluorogold. The number o f labeled arterial and venous neurons are the same
per ganglion. Filled columns indicate the number o f neurons labeled with rhodamine beads per
ganglion, open columns represent the number o f neurons labeled with Fluorogold, F*>0.05. The
numbers under each bar represent the numbers o f labeled neurons ( l “ number) and the numbers o f
ganglia studied (2nd number).

ganglion. Capsaicin was injected to

6

animals to define primary sensory peptidergic fibers that

innervate vascular and nonvascular neurons. The number o f labeled neurons in sensory
neurotoxin capsaicin treated groups, however, was greater than control groups. In capsaicintreated animals the average number o f labeled arterial neurons was 48.7/ganglion (n=3 guineapigs) and the average number o f venous neurons was 51.7/ganglion (n=3 guinea-pigs, Figure 32B).

It has been reported that the number o f labeled neurons per ganglion is greater for
Fluorogold than for rhodamine beads (CHRISTIAN et a i, 1993). In this study, both Fluorogold
and rhodamine beads provided similar labeling o f arterial neurons per ganglion (Figure 3-1F).
Fluorogold was less effective in labeling venous neurons than rhodamine beads, however.
Rhodamine beads and Fluorogold labeled 13 and 4 neurons per ganglion, respectively (Figure 31F).
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In a control group (n=7), Fluorogold was applied to the organ bath solution. After three
days in organ culture tracer filled neurons were randomly distributed in all regions o f the
ganglion. The number o f labeled neurons was much higher than in the experiments where the
tracer was applied intraluminally in IMA or IMV. Fluorogold filled non-neuronal cells following
external application as well.

The procedure o f injecting tracer into the blood vessels in organ culture is a new technique
developed for this study.

Except acute neurons, all the neurons went through two types of

cultures. The procedure performed was three days o f organ culture followed by three to four days
o f primary cell culture. As previously mentioned, the number o f arterial and venous neurons per
ganglion should not be taken as the total number o f the vascular neurons, since the preparations
were regional. In the stage o f electrophysiological recording, it was even more difficult to obtain
a high yield o f labeled cells after the two periods o f culture for patch clamp recording. In fact,
there were only 14 labeled neurons that survived. There were 77 IMGs that were either
contaminated at one o f the different stages, or had negative labeling, or the labeled neurons were
not healthy enough to record from, as judged by a poor seal or an abnormal membrane potential.
The 48 unlabeled neurons were recorded only from the dishes where labeled neurons were
present.

3.5. Vascular neurons are topographically organized in IMG
To analyze the location o f retrogradely-labeled neurons within the IMG, each ganglionic
slice was divided into four quadrants by drawing two perpendicular lines cross the ganglia for
distinguishing the central and peripheral regions (see Materials and Methods 2.4.2.). The arterial
neurons were located predominantly in the central areas o f both caudal and rostral lobes o f the
IMG (Figure 3-1A and B). Venous neurons were located more peripherally (Figure 3-1C and D).
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The number and location o f both Fluorogold and rhodamine beads-labeled neurons within each

quadrant were marked on a scale map o f the IMG. Data from four ganglia are shown in Figure 31E. This analysis was carried out independently by two observers.
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Figure 3- 2. Cross-sectional area (urn2) o f neurons and the average num ber o f labeled neurons per
ganglion.
A.
Summary o f the size o f vascular neurons. Vascular neurons and the arterial neurons are
smaller than venous neurons, P<0.05.
B.
The num ber of labeled neurons in pre-and post-capsaicin treated groups. The average
number o f arterial neurons is the same as venous neurons, they are increased in
capsaicin treated groups. P<0.05.

3.6. The size o f arterial or venous neurons is differentfrom unlabeled neurons
The average size o f the cross-sectional area o f arterial neurons was 1198±183 pm 2 («=7,
range 603-1546 pm 2) which was significantly smaller than venous neurons whose cross-sectional
area was 2124±162 pm 2 (n=7, range 1155-3210pm2). Both arterial and venous neurons were
significantly smaller than unlabeled neurons which had a cross-sectional area o f 3083±210 pm 2
(n=10, range 2107-4200 pm 2) (Figure 3-2A).
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3.7. NPY-IR in IMG
NPY is a co-transmitter with norepinephrine in sympathetic neurons and NPY-IR has been
used as a marker o f vasomotor neurons (Gibbins, 1991; Parr & Sharkey, 1996) and is not found
in fibers in prevertebral ganglia (Lundberg et al., 1982b; Elfvin et al., 1993). It has been reported
that 20% o f neurons in guinea-pig IMG contain NE/NPY-IR (Parr & Sharkey, 1996). I analyzed
the NPY-IR in four different types o f ganglionic preparations.

NPY-IR was present in acute IMG neurons. The NPY-IR was present in the cell bodies.
The proportion o f NPY-IR neurons in IMG was similar to those previously reported (Gibbins,
1991; Parr & Sharkey, 1996). In acute ganglia from

6

guinea pigs, 188 o f the 880 neurons

counted (i.e., 21.4%) were NPY positive.

NPY-IR was detected from organ cultured unlabeled neurons. There was a similar
proportion o f unlabeled neurons that contained NPY-IR in organ cultured ganglia compared to
acute ganglia. That is, 942 out o f 4942 neurons counted in 22 ganglia (18.9%) were NPY-IR
positive. The NPY-IR fibers mainly can be seen as a root at the edge o f the ganglion.
Occasionally NPY-IR fibers could be seen near the principal cells. The similar ratio o f the
neurons that contained NPY-IR indicated that the organ culture did not change the NPY-IR
expression in cell bodies, which is in agreement with previous studies (McLachlan & LlewellynSmith, 1986).

NPY-IR was differentially distributed in arterial and venous neurons. The labeled
neurons were viewed with UV- (for Fluorogold) or TRITC-filter (for rhodamine beads) and the
FITC-filter (for fluorescein-conjugated NPY secondary-antibody) was used for searching out the
NPY-IR colocalized with the labeled neurons. NPY-IR was present in 18.9%±8.9 arterial
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neurons (10 out o f 31 neurons from 9 ganglia), in contrast NPY-IR was absent from all venous
neurons (71 venous neurons from 7 guinea pigs without or with capsaicin-treated groups) (Figure
3-3C). The proportion o f arterial neurons stained with NPY-IR was similar with acute neurons in
acute ganglia and unlabeled neurons in organ cultured ganglia. In capsaicin treated IMGs, the
percentage o f NPY-IR o f unlabeled neurons was similar with control groups, but it was relatively
decreased in arterial neurons (Figure 3-3 F), because the number o f labeled arterial and venous
neurons were increased (see section 3.4.).

3.8. Primary sensory SP-, NOS and CGRP-IR containingfibers were present in IMG and
CG
It is known that DRG neurons, which innervate guinea-pig prevertebral neurons, contain
SP-, NOS-, and CGRP-IR (Callsen-Cencic & Mense, 1997; Heym et al., 1995). NOS- and
CGRP-IR fibers are also present in preganglionic nerves from the spinal cord and in
intestinofugal neurons (Anderson et al., 1993; Anderson et al., 1995; Lindh et al., 1988; Elfvin et
al., 1993; Papka et al., 1995; Luckensmeyer & Keast, 1995; Furness et al., 1990; Zheng et al.,
1995). Those observations were obtained from acute ganglia where the neuronal target was not
known.

The working hypothesis was that the fibers surrounding the principal neurons might
contain the primary sensory neurotransmitters SP-, CGRP- and/or NOS-IR; the distribution of
the fibers might be different for neurons that project to blood vessels from the neurons that
project to viscera; and for neurons that project to artery may differ from the neurons that
innervate vein as well. I analyzed the distribution o f SP-, NOS- and CGRP-IR containing fibers
expressed as percentage o f total area surrounding four different types o f neuron (i.e. acute,
unlabeled, arterial and venous neurons) in IMG. This is a indication that prevertebral ganglia

69

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Integrate the efferent and sensory information.
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Figure 3-3. NPY-IR in arterial and venous neurons.
A. Retrogradely-labeled arterial neuron (solid arrow) following injection o f
Fluorogold into the IMA.
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B
Corresponding field o f view as illustrating immunoreactivity to NPY (dotted
arrow). Note the arterial neuron in (A) is also NPY-IR.
C
Retrogradely labeled venous neuron (solid arrow) following injection o f
Fluorogold into the IMV.
D
Corresponding field o f view illustrating immunoreactivity to NPY (dotted
arrow). Note that the two NPY-IR neurons do not contain Fluorogold while the
retrogradely-labeled venous neurons is not NPY-IR.
E
The incidence o f NPY-IR in IMG neurons are similar in acute, unlabeied,
and arterial neurons, P<0.05. The NPY-IR was absent in venous neurons.
F
In capsaicin-treated group, the NPY-IR is relatively decreased (see text). The
NPY-IR in unlabeied neurons remains unchanged.

3.8.1. SP-, NOS-, and C G R P-IR in acute IM G
As previously reported, SP-, CGRP- and NOS-IR were present in fibers surrounding the
ganglionic cell somata, none o f the neuronal cell bodies stained positive for the peptides except
few NOS-IR small cell bodies, which suggests a probable sensory origin for the three types o f
fibers surrounding the postganglionic perikarya. To ascertain the contribution o f the primary
sensory innervation to the total number o f fibers containing SP, CGRP and NOS-IR, I used the
primary sensory neurotoxin, capsaicin, as a tool to eliminate the primary sensory innervation o f
the IMG (Peters & Kreulen, 1984). Comparing the results o f pre- and post-capsaicin-treatment
gave an indication of the population that were primary sensory fibers. I quantified the density o f
fibers that surrounded identified neurons. The fibers were postulated to contain each o f the
neurotransmitters. In acute ganglia, there was an extensive network o f NOS-positive nerve fibers
and less dense distribution of SP-positive fibers surrounding principal IMG (Figure 3-4A, B and
E) as well as CG ganglion cells (Figure 3-5). The CGRP-, NOS- and SP-IR fibers surrounding
labeled neuron were different from unlabeied neurons.

C G RP. In the control group, the relative density o f CGRP-containing fibers around the
three neuron groups was as follows: unlabeied neurons (5.99±0.23%, n=6 sections from 4
guinea-pigs)>arterial (1.45±0.16%, n=3 sections from 2 guinea-pigs)>venous (0.72±0.05%, n=3
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Sections from 3 guinea-pigs). The differences in the densities between the neurons tyj
significant (P<0.05, Figure 3-6A, -B, -E, and -F. Figure 3-7, Table la.
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Figure 3-4. Capsaicin treatment decreases NOS- and SP-IR in freshly dissected IMG.
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A
A dense network o f MOS-IR fibers surrounds IMG neurons (dark areas) Viewed with FITC
filter.
B
Same section as A) but using rhodamine filter shows that SP-IR is also co-localized with NOSIR.
C
After capsaicin treatment, the intensity o f NOS-IR is decreased. Viewed with FITC filter.
D
Same section as C) but using rhodamine filter shows that SP-IR is almost abolished.
E
Graph summarizing the intensity o f NOS-IR in control (unfilled columns) and after capsaicin
treatment (filled columns). Data were collected from 17 sections in 3 guinea pigs (control) and from 13
sections in 3 guinea pigs (capsaicin).
F
Graph summarizing the intensity o f SP-IR in control (unfilled column) and after capsaicin
treatment (filled column). Data were collected from 14 sections in 3 guinea pigs (control) and from 14
sections in 3 guinea pigs (capsaicin). Asterisk indicates P < 0.05. Calibration bar is 40 pm.

T ab le la . F ib er-IR o rg an cu ltu red (M G (control group)
Density

U nlabeied neuron

A rterial neuron

Venous neuron

o f F ib er-IR

% o f area

% o f are a

% of a re a

CGRP

*5.99±0.23

NOS

**3.7210.27

SP

*1.2410.09

n=6
n=5
n=5

*1.4510.16

n=3

*0.7210.05

n=3

*1.5710.09

n=3

***2.4310.18

n=3

*0.3210.10

n=3

*0.1210.12

n=3

*P < 0 .0 5 ;
* \ *b: P > 0.05

T able lb . F ib er-IR o rg an cultured IM G (capsaicin-treated group)
Density

Unlabeied neuron

Arterial neuron

Venous neuron

o f Fiber-IR

% o f area

% o f area

%o f area

CGRP

*1.3310.23

n=8

*0.8110.13

n=5

*0.2310.04

n=5

NOS

*1.7910.23

n=7

*0.8310.09

n=3

*0.0810.18

n=3

*P < 0 .0 5

T able Ic. F ib er-IR freshly stained IM G
Intensity

Control group

Capsaicin-treated group

o f Fiber-IR

(arbitrary units)

(arbitrary units)

NOS

♦32.612.4

n=17

*23.813.1

n=13

SP

*14.011.0

n=17

*3.811.0

n=14

* P < 0.05.
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Figure 3- 5. NOS-and SP-IR
A. capsaicin treatment reduced the NOS-IR, P<0.05.
B. SP-IR in CG. Capsaicin abolished the SP-IR which proved that the primary sensory
origin, P<0.05. Note that the density o f SP-IR fibers are much less than NOS-IR fibers.

NOS. The rank order o f the NOS-containing fiber densities was: unlabeled neurons
(3.72±0.27%, n=5 sections from 5 guinea-pigs)=venous neurons (2.43±0.18%, n=3 sections from
3 guinea-pigs)>arterial neurons (1.57±0.09%, n=3 sections from 3 guinea-pigs). While the
density o f NOS-containing fibers around unlabeled and venous neurons were not significantly
different from each other (P> 0.05), both were significantly more dense than around arterial
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neurons (P< 0 .0 5 ,Figure 3 -8 ,Table la).

SP. The rank order o f densities o f SP-containing fibers was: unlabeled (1.24±0.09%, n=5
sections from 5 guinea-pigs)>arterial (0.32+0.10%, n=4 sections from 3 guinea-pigs)>venous
neurons (0.12±0.12, n=3 sections/3 guinea-pigs. P<0.05, Figure 3-9, Table la).

3.8.2. C apsaicin treatm ent reduces the fiber-IR
Following capsaicin treatment there was a significant reduction o f the mean fiber intensity
o f all antibodies. The mean fiber intensities o f NOS- (32.6±2.4 arbitrary units, n=17 sections/ 3
guinea pig) and SP-IR (14.0±1.0 arbitrary units, n=17 sections/3 guinea pig) were significantly
higher in the control group than the capsaicin-treated group (NOS 23.8±3.1 arbitrary units, n=13
sections/3 guinea pig. SP 3.8±1.0 arbitrary units, n=14 sections/3 guinea pig. P<0.05). The
intensity o f SP-IR fibers was reduced more by capsaicin treatment than was the intensity of
NOS-IR fibers (SP: 73% less than control vs. NOS: 27% less than control. Figure 3-4E and F,
Table lc).

CGRP. The densities o f CGRP- and NOS-IR fibers surrounding all three types o f neurons
were significantly reduced. The rank order o f these densities for CGRP-IR fibers was not
changed, such that unlabeled (1.33±0.23%, n=8 sections from 5 guinea-pigs)>arterial
(0.81±0.13%, n=5 sections from 3 guinea-pigs)>venous neurons (0.23±0.045, n=5 sections from
2 guinea-pigs. P<0.05). The density o f CGRP-IR fibers was reduced by 78% around unlabeled,
44% around arterial and 68% around venous neurons (Figure 3-6C, -G, -D, and -H, Figure 3-7,
Table lb).
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Figure 3-6. Capsaicin treatment reduces CGRP-IR surrounding arterial and venous neurons in IMG.
A-D: arterial neurons; E-H: venous neurons.
A. An arterial neuron (dotted arrow) filled with Fluorogold is viewed under UV filter.
B. Same section as A, but viewed with FITC filter to show CGRP-IR fibers. Dotted arrow
indicates arterial neuron, full arrows indicate denser innervation around unlabeled neurons,
and arrowhead indicates less dense innnervation around the arterial neuron.
C. In a capsaicin-treated preparation, an arteiral neuron is filled with Fluorogold (dotted arrow).
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C
D

E
F
G
H

In a capsaicin-treated preparation, an arterial neuron is filled with FluoroGold (dotted arrow).
in the same section as in C) but viewed with FITC filter to show CGRP-IR surrounding the
arterial neuron (arrow head) is less than either unlabeied neurons (arrows) or arterial neuron in
control (arrow head at B).
A venous neuron (dotted arrow) filled with FluoroGold in control animal viewed with UV filter.
Same section as E) viewed with FITC filter. Dense network o f CGRP-IR fibers (arrowhead)
surrounding around the venous neuron (dotted arrow) and unlabeled neurons (arrows).
After capsaicin treatment, a venous neuron is seen with UV filter. Note extensive network o f
non-neuronal cells near the left edge o f the ganglion.
the same section as in G) but viewed with FITC-filters shows that after capsaicin the CGRP-IR
fibers (arrow head) are decreased around venous neuron (dotted arrow) and are less dense than
around unlabeied neurons (arrows). Calibration bar: 40 pm.
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Figure 3- 7. Capsaicin reduces CGRP-Iike immunoreactivity around the identified
IMG neurons.
Mean densities o f CGRP-IR surrounding unlabeied (6 sections from
4 guinea-pigs), arterial (3 sections from 2 guinea-pigs) and venous neurons
(3 sections from 3 guinea-pigs) in control (unfilled bars) and unlabeied (8
sections from 5 guinea-pigs), arterial (5 sections from 3 guinea-pigs) and
venous neurons (5 sections from 2 guinea-pigs) in capsaicin treated animals
(filled bars). Asterisks indicate P O .0 5 between control and capsaicintreated group. Stars indicate P<0.05 between unlabeled and vascular
neurons within each group.

NOS. The rank order o f densities o f NOS-IR fibers was different in capsaicin treated
animals compared to control (P<0.05). Thus: unlabeled (1.79±0.23%, n=7 sections from 3
guinea-pigs)>arterial

(0.83±0.09%,

n=3

sections

from

3

guinea-pigs)>venous
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neurons

(0.08±0.18%, n=3 sections from 2 guinea-pigs. P<0.05). The density o f NOS-IR fibers was
reduced by 52% around unlabeled, 47% around arterial and 97% around venous neurons. The
NOS-IR labeling around venous neurons was unique in that it was eliminated by capsaicin
treatment (Figure 3-8, Table lb). As a group, the CGRP-IR fiber density was reduced more in
capsaicin treated animals compared to control than was NOS-IR fiber density.
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Figure 3- 8. Capsaicin reduces NOS-like immunoreactivity around the identified
IMG neurons.
Mean densities o f NOS-IR surrounding unlabeied (5 sections
from 5 guinea-pigs), arterial (3 sections from 3 guinea-pigs) and venous
neurons (3 sections from 3 guinea-pigs) and venous neurons (3 sections
from 2 guinea-pigs) in capsaicin treated group. Stars indicate P<0.05
between unlabeied and vascular neurons within each group. Note that
there is no difference between unlabeled and venous neurons in the
control animals and that capsaicin virtually eliminates NOS-IR around
venous neurons.

The results demonstrated that arterial neurons receive a higher proportion o f CGRP-IR
primary sensory innervation than venous neurons whereas venous neurons receive higher NOS-
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IR primary sensory innervation than arterial neurons. NOS-IR fibers that innervate the venous
neurons were solely primary sensory origin.
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Figure 3- 9. Selective distribution o f SP-IR surrounding unlabeied, arterial and
venous neurons in the IMG.
Mean densities o f SP-IR surrounding unlabeied (3 sections from 5
guinea-pigs), arterial (4 sections from 3 guinea-pigs) and venous
neurons (3 sections from 3 guinea-pigs). Asterisks indicate P<0.05.

3.9. Electrophysiological characteristics of dissociated IMG neurons
In this study, whole cell recordings were conducted on dissociated acute, unlabeled,
arterial, and venous neurons. IMG and CG innervate different organs and they might have
distinct characteristics in their function-specific pathways, thus dissociated CG neurons were
studied as well. Guinea-pig IMG and CG neurons o f intact ganglia have been studied with
intracellular recordings (Crowcroft & Szurszewski, 1971; Szurszewski, 1981; Weems &
Szurszewski, 1978; Kreulen & Szurszewski, 1979b; Cassell et al., 1986a). The arterial and
venous neurons in the IMG have not been characterized, and dissociated IMG neurons have not
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been studied with whole-cell patch-clamp recordings. I compared the passive membrane
properties, firing patterns and certain voltage-gated and calcium-activated potassium currents o f
arterial and venous neurons.

Identified neurons differed in two ways from neurons dissociated from acutely dissected
ganglia: 1) They had gone through a three day period o f organ culture, 2) The identified neurons
contained either Fluorogold or rhodamine beads. This raises an interesting difference between
two groups, the arterial/venous neurons vs. the unlabeled neurons. The former had tracer in them
the latter did not. It has been reported that fluorescent excitation does not alter basic
electrophysiological membrane parameters (CHRISTIAN et al., 1993). Therefore if there were
differences between the two groups that would suggest a specific functional property o f the
vascular neurons or nonvascular neurons.

3.9.1. M em brane properties
Acute neurons. An acceptable recording was obtained when the seal resistance o f the cell
was around 200 M Q after the patch pipette broke into the cell with less than 0±10 pA holding
currents. The resting membrane potential (E m) o f phasic neurons was -49.4±1.8 mV (n=24) and 46.7±1.7 mV (n=13) for tonic neurons (Figure 3-10, Table 2). The Em was 10 mV more
depolarized than that o f intact IMG neurons by intracellular recordings (Cassell et al., 1986a;
King & Szurszewski, 1988). The input resistance (Rj„) o f a cell was determined from the slope o f
the Y-I relationship between -45 and -55 mV where the cell has the lowest conductance, the V-I
relation was linear and cross 0 pA. The Ri„ o f tonic (424±58 MQ, n=17) was significantly higher
than phasic (200±48 MQ, n =24. P<0.05, Figure 3-11, Table 2). The Rjn is more than 100%
higher than that determined by intracellular recordings (Cassell et a l, 1986a; King &
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Szurszewski, 1988).

Table 2. Passive membrane properties o f IMG neurons
Phasic

Era (mV)

R|n (M G)

Tonic

Unlabeied

Unlabeled

A rtery

Vein

phasic

Tonic

Tonic

Tonic

70%

30%

64%

36%

100%

100%

(n=39/56)

(n = 17/56)

(n=32/50)

(n=!8/50)

(n=6/6)

(n=8/8)

-49.4±1.8

-46.4±1.7

-46.7±2.1

-47.0±2.l

-41.0± 1.3

~44.7±3.0

(n=24)

(n= 13)

(n=12)

(n= 11)

(n=4)

5 (n=7)

200.3±27.4
(n=24)

385.8±64.3
(n=16)

297.9±63.3
(n= 13)

*207.5145.0'
♦ (n=14)

*355.7±67.2
(n=5)

*437.4±65.9‘
(n=6)

Rin were measured between -45 to -55 mV. *: Rin was obtained from -50 to -60 mV.
'P < 0.05.
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Figure 3- 10. Em o f CG and IMG neurons (see text).
The Em o f IMG neurons is less negative than CG
neurons, P<0.05. Same asterisks indicate the significant
difference between groups.

Unlabelled, arte ria l and venous neurons. There were no significant differences in E m
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found between the arterial, venous and unlabeled neurons (Figure 3-10, Table 2). The

R j„

of

tonic unlabeled neurons was 207.5163.3 MQ (n=14). The Rj„ o f a rte ria l neurons was
355.71105.9 MQ (n=5). The Ri„ o f venous neurons was 437.4196.7 MQ (n=7). The Rj„ of
venous neurons (437.4196.7 MQ) was significantly higher than that o f unlabeled tonic neurons
(207.5163.3 MQ, P<0.05), but not acute tonic neurons (385.8164.3 MQ) and arterial neurons
(355.7167.2 MQ, P>0.05, Figure 3-11, Table 2). The distribution o f Rj„ o f the unlabeied neurons
shows that majority o f them are low Rj„ neurons. The Rj„ o f arterial or venous neurons have a
peak distribution 2-3 fold higher than unlabeied neurons.
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n*17

unlab
phasic
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vein
tonic
n»6
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Figure 3 -1 1 . Rin o f CG and IMG neurons.

The Rin is significantly higher in tonic neurons than
in phasic neurons in both CG and IMG, P<0.05. There is
no difference between CG and IMG neurons. Same
asterisks indicates the significant difference between
groups.

3.9.2. Firing properties
As a first step toward the classification o f vascular neurons, I conducted a series o f
experiments in the current clamp mode to determine the response o f IMG neurons to
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depolarization. Neurons were clamped at -6 0 mV via injection o f DC current. Once the
membrane was stabilized, i.e. there were no large fluctuations in the amount o f depolarizing
injected current, the neuron was depolarized for 1 s at various current intensities. The amount o f
current injected was standardized at three times rheobasic strength. The rheobase is the function
o f strength-duration relation, is the threshold o f stimulus intensity for the cell to fire action
potential(s), the threshold rises when the length o f the stimulus is lessened (Aidley, 1991). As
previously mentioned, neurons that fired action potentials only at the onset o f the depolarizing
current pulses were defined as phasic, whereas tonic neurons fired action potentials throughout
the duration o f the depolarizing stimulus (Crowcroft & Szurszewski, 1971; Kreulen &
Szurszewski, 1979a) (Figure 3-12).

Both a rte ria l and venous neurons w ere tonic neurons. Recordings were made from a
total o f 14 Fluorogold-labeled neurons obtained from 7 ganglia. All 6 arterial neurons and all 8
venous neurons fired tonically (Table 2).

Acute neurons. In 56 neurons (n=6 ganglia), 70% (n=39) were phasic neurons, and the
other 30% (n=17) were tonic neurons. The proportion o f phasic neurons and tonic neurons is less
than that reported with intracellular recordings (9:1) in intact IMG (Cassell et al., 1986a).

U nlabeied neurons had the sam e p ro p o rtio n o f phasic an d tonic neurons as acute
neurons. From 9 ganglia which underwent a period o f organ culture before being plated, 64%
(n=32) o f unlabeied neurons were phasic and 36% (n=18) were tonic. These proportions o f tonic
and phasic neurons were similar to the proportions found in acute neurons (Figure 3-13). Thus
the period o f organ culture necessary for the tracers to be transported from the vessels to the
ganglion did not alter the firing patterns o f the neurons.
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AHP

D. A current

C. M current

1200 pA
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-30 mV

-30 m V

HOmV

-110 m V

Figure 3- 12. Action potential firing pattern o f IMG neurons.
The neurons are clamped at -60 mV following injection o f depolarizing current pulses (3x
rheobasic strength).
A. Phasic firing behavior from an unlabeled neuron. The neuron fires an action potential only at
the onset o f the depolarizing current pulse.
B. Tonic firing behavior from an acute neuron. The neuron fires action potentials throughout the
duration o f the depolarizing current.
C. M current protocol in a phasic neuron. At voltage clamp, the neuron was held at -30 mV and
hyperpolarized in 10 mV increments. Note the inward relaxation and tail current.

D M current protocol in a tonic neuron at voltage clamp. Note that the tonic
neuron does not contain M current but contain A current (at the end o f pulse).

3.9.3. Voltage-dependent and calcium-activated potassium currents in IMG neurons
3.9.3.I. Introduction
At least five potassium currents have been identified in CG and IMG neurons (Miolan &
Niel, 1996; Brown et al., 1982):

Im ,

Ia , I kv , inward rectification and

I Ah p -

Each o f these currents

might have a different impact in distinct subgroups o f neurons. The presence or absence o f
several voltage-dependent and calcium-activated potassium currents was examined in arterial,
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using step voltage protocols. The inward rectification current was investigated with a ramp
protocol. The I-V curves o f

Im , Ia

and

Ik v

were determined. I refer to the current(s) evoked with

large depolarizing steps as IAhp and did not attempt to separate the three or more calciumactivated potassium currents (see Introduction #). I also did not attempt to distinguish

i °°

-i

80

-

20

-

I k ir

and

Ih -

— II—

a.

phasic

tonic

159

191

acute
phasic tonic

39

CG

17

unlabeied
phasic tonic

159

18

artery vein
tonic

6

8

IMG

Figure 3- 13. CG neurons have an equal incidence o f phasic and tonic neurons.
IMG neurons comprise more phasic neurons than tonic
neurons. Unlabeied IMG neurons have same occurrence o f phasic
and tonic neurons as acute IMG neurons. All the arterial and venous
neurons are tonic. See text.

Im

and IA are considered responsible for phasic and tonic firing, respectively. In guinea-pig

IMG, Im o f tonic neurons is usually less than 25% o f the amplitude o f Im in phasic neurons. The
IA o f tonic neurons instead is larger (2 nA) than that o f phasic neurons (1.25 nA, P<0.05)
(Cassell et al., 1986a).

Iahp

is proposed to exert separate but additive effects with

Im

in limiting

spike discharges in rat sympathetic ganglia (Brown, 1988). Ikv is believed to function as IA
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spike discharges in rat sympathetic ganglia (Brown, 1988).

Ikv

is believed to function as

U

especially in neurons that have more negative Em (Marsh & Brow.*, 1991). The inward rectifier
is believed to prolong membrane depolarization as well as maintain Em (Hille, 1992), it is more
pronounced in tonic than phasic neurons (Cassell et al., 1986a).

All five currents tested were present in each group o f neurons in this study, the
measurements were not leak-subtracted. Im was present in 29% (n=4/14) o f unlabeled tonic
neurons, 20% (n=l/5) of arterial neurons and 29% (n=2/7) venous neurons (Figure 3-14). IA was
seen more in arterial neurons (50%, n=3/6) and venous neurons (57%, n=4/7) than unlabeled
tonic neurons (27%, n=4/15) and unlabeled phasic neurons (24%, n=7/29) (Figure 3-15). The
inward rectifier was present in a larger proportion o f arterial neurons (80%, n=4/5) than venous
(43%, n =3/7) or unlabeied neurons (46%, n=6/13). These differences in ionic current might play
different roles in each functional group o f neurons.

3.9.3.2. M-current (Im)
Im

is activated at Em, its conductance increases rapidly at the potential positive to the Em,

but decreases when the potential is negative to the Em (Brown, 1988). When a cell is held at the
relatively depolarized membrane potential o f -30 mV for 1.5 ms, the M channel is in a high
conductance state so that hyperpolarization steps o f 10 mV increment induced inward relaxation.
The inward relaxation reached a steady state after Is. The steady state current that followed an
initial ohmic step was the instantaneous current (Figure 3-16). This inward relaxation results
from gradual closure of the M channel, which was accompanied by a decreased membrane
conductance (data not shown). Upon returning to the holding potential at the end o f the
hyperpolarizing step, the M channel was reopened and outward going relaxation currents
occurred, which is named as 'tail current' (Brown & Adams, 1980; Coggan et al., 1994).
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Figure 3- 14. The incidence and the time constant (t) o f the IM in CG and IMG
neurons.
Arterial neurons and venous neurons have less IM- CG and IMG comprise same
proportion o f lM in phasic neurons and tonic neurons. CG phasic neurons have longer t than
tonic neurons, P<0.05. IMG phasic neurons and tonic neurons have longer t than CG phasic
neurons and tonic neurons, P<0.05.
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Arterial and venous neurons contain higher proportion o f IA than unlabeled neurons. CG neurons
contain higher proportions o f IA than IMG neurons.
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F igure 3- 16. M c u rre n t in a guinea-pig IM G neuron in voltage clam p
(w hole ceil patch clam p).
Voltage steps. When a cell is hold at -30 mV, hyperpolarizing V.
from -30 mV to -110 mV
(upper trace) induces an inward relaxation (lower trace, downward deflection). At the end o f the
Vcommindi the the tail current can be seen as outward relaxations.
The instantaneous current (Ium) and steady-state currents (I„) measured are indicated in one
enlarged trace. The inward relaxation comprises two components, the initial ohmic
instantaneous (linat) and the following steady state current (Iu). The decay (rM) o f I„ fits a single
exponential function (see text).
The V-I curve o f 1^, and Iu in phasic neurons. The intersection o f the two currents is at 71.8±1.1 mV (see text). The IM o f phasic neurons is significantly larger than in tonic neurons,
P<0.05.
The V-I curve o f 1^, and Ia in tonic neurons. The intersection o f the two currents is at -72.8±0.9
mV (see text). N ote that IM is larger in phasic than in tonic neurons.
a
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The V-I curves o f Im for instantaneous and steady state currents were plotted. At Vcommand 30 mV, the steady state currents o f phasic neurons (305.4±36.4 pA, n=14) were significantly
larger than tonic neurons (99.1 ±20.1 pA, n=5, P<0.05). The significant differences were also
seen at V command -40 mV (phasic neurons 133.0±21.9 pA vs tonic neurons 34.5±36.7 pA, P<0.05).
The intersection o f those two V-I curves for phasic neurons was at -71.8±1.1 mV and that o f
tonic neurons was 72.8±0.9 mV (Figure 3-16). When measuring the difference between the
instantaneous current and the steady state current, the highest amplitude o f Im was at -50 mV
(Table 3). The tail current had a sigmoidal V-I relationship being largest around -30 mV and near
zero at -70 mV (data not shown). These currents share the similar characteristics o f Im reported
previously from bullfrog sympathetic neurons (Brown & Adams, 1980), rat and guinea-pig CG
neurons(Coggan et al., 1994; Cassell & McLachlan, 1987b; Vanner et al., 1993; Wang &
McKinnon, 1995).

T able 3. P ro p erties o f Im in IM G neurons
Phasic
59
(n=24/41)

Tonic
42
(n= 10/24)

U nlab-P
89
(n=32/36)

U nlab-T
29
(n=4/14)

A rtery -T
20
(n= 1/5)

V ein-T
29
(n=2/7)

A m plit
ude
(PA/
-50m V)

57.3±4.3
(n=24)

56.0±11.5
(n=5)

64.4±14.6
(n=9)

34.7±25.3
(n=3)

34.2
(n = l)

49.6
(n=2)

(ms)

292.7±34.1
(n=23)

242.9±57.8
(n=8)

215.1±34.8
(n=24)

208±28.2
(n=4)

287
(n = l)

188.1
(n=2)

M (% )

t

The t measurements were taken from the inward relaxations during the voltage steps,
which were fit to the single exponential function:
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A 1 *exp{-(t-fC) / 1}+C (1)

where / is the peak o f the

Im ,

A l is the maximal amplitudes o f the

Im ,

t is the time and x is the

time constant for the decay. The results are summarized in Table 3.

A cute neurons.

Im

was present in 59% o f phasic (n=24/41) and 42% o f tonic neurons

(n= 10/24), respectively (Figure 3-14, Table 3). The amplitude o f Im (as Iss) in phasic neurons
(57.3±4.3 pA, n=24) measured at -50 mV was 50% less and the Im o f tonic neurons (56.0±11.5
pA, n=5) were similar to that of intracellular recording (Cassell et al., 1986a). At -50 mV, the tm
o f phasic neurons (292.7±34.1 ms, n=23) was the same as that o f tonic neurons (242.9±57.8 ms,
n=8, P>0.05). The x o f the inward relaxation current (M channel closing) was similar with the x
obtained from the tail current (M channel reopening). The x o f tail current in phasic neurons
(172.4±16 ms, n=7) was the same as that in tonic neurons (177.8±7.9 ms, n=2).

U nlabcled neurons, I m was present in 89% (n=32/36) o f phasic and 29% (n=4/14) o f tonic
neurons. Im o f phasic (64.4±14.6 pA, n=9) was not significantly different from tonic (34.7±25.3
pA, n=3, P>0.05). The x o f phasic (215.9±57.8 ms, n=24) was as the same as the tonic
(208.0±28.2 ms, n=4).

A rterial and venous neurons. The appearance o f Im in arterial (20%, n= l/5) and venous
(29%, n=2/7) neurons was similar to that observed in unlabeled tonic neurons (29%, n=4/14), but
less than that o f acute tonic neurons (42%, n= 10/24). The amplitude o f I m o f the arterial neuron
was 34.2 pA (n = l) and o f venous neurons was 49.6 pA (n=2). The xm o f the arterial neuron was
287.0 ms (n = l) and o f venous neurons was 188.1 ms (n=2). Due to small sample size, no
comparison could be performed for the arterial or venous neurons.
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3.9.3.3. A current (Ia)
3.9.3.3.I. Introduction
Ia

is a transient outward current which is usually inactivated at Em. Both

Ia

activation and

inactivation protocols were used to characterize the voltage dependence o f this current. The
activation and inactivation curves were constructed using a similar experimental protocol (see
section 2.6.2.2.) to that previously reported (Connor & Stevens, 1971b; Cassell et al., 1986a). Ia
activation was determined with conditioning hyperpolarization steps to -100 mV (to remove the
Ia

inactivation) followed by series o f depolarization pulses from -50 mV to 0 mV (see Methods)

before returning back to the Vhoid o f -50 mV (Figure 3-17). The conditioning hyperpolarization
steps prevented a significant increase in the number o f inactivated channels from occurring. The
IA inactivation was determined by holding a cell at -50 mV followed by a series o f
hyperpolarization steps in 10 mV increments for a duration o f 350 ms and then a final
depolarization step to 0 mV before returning back to the holding potential o f -50 mV. The Ikv
was subtracted from Ia activation and inactivation respectively by using Clampfit software
(Figure 3-17C and F). The experimental data were also normalized to the highest value for
inactivation (plateau was not seen). The mean o f the activation and inactivation were plotted to
show the voltage-dependency and the difference between the phasic and tonic neurons (Figure 317).

Ia

was evoked in acute, unlabeled, arterial and venous neurons with different incidence.

Ia

was present in both phasic and tonic neurons. The percentage o f occurrence o f Ia was in an order
o f tonic>phasic, and arterial and venous>unlabeled neurons (Figure 3-15). The trend o f the Ia
activation/inactivation curve was identical for all the groups, the slope o f the V-I curve was
different among the groups. The characteristics o f Ia in IMG neurons were similar to those
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previously reported in invertebrates (Connor & Stevens, 1971b) and in intact ganglia (Cassell et
al., 1986a).

When the activation protocol was used to evoke I a, the x o f the decay o f current was fit to a
single exponential function (see Equation 1). Phasic neurons had a x o f 7.1 ms (n= l) and the
tonic neurons had a x o f 12.8 ms (n=2) at 0 mV. No further analysis could be performed due to
small sample size. No assumption can be made from the U decay measurement for the same
reason, but the few time constant obtained fall in close to the range o f previously reported
(Cassell et al., 1986a).

A cute neurons. Ia was in 32% o f phasic and 40% o f tonic neurons. The incidence o f Ia is
less than in other studies using intracellular recordings in guinea-pig intact IMG, in which Ia is
recorded in 50% o f phasic and 100% o f tonic neurons (Cassell et al., 1986a).

Characteristics o f activation and inactivation o f Ij. Although the general shapes o f activation
and inactivation curves were identical for phasic and tonic neurons, tonic neurons had a steeper
voltage dependency than phasic neurons (Figure 3-17G and H). Thus, while their voltagedependencies were the same, the amplitude o f the current, however, was less in phasic neurons
than in tonic neurons. In the intact IMG with intracellular recording, the U o f tonic neurons is
significantly larger than that o f phasic neurons at different Vcommand (Cassell et al., 1986a). In my
study, the amount o f current in tonic neurons was not significantly larger than phasic neurons at
any given potential (P>0.05), which might be due to the different techniques and cell
preparations. I constructed Ia inactivation V-I curve using both normalized hoo vs plots o f
absolute current. It is because o f the fact that the absolute value o f the current in phasic neurons
was smaller than that in tonic neurons and the normalized hoo curve does not account for the
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differences in the two types o f neuron. The amplitude o f current at 0 mV for phasic neurons was
664.7±196.5 pA and for tonic neurons was 1157.2±314.0 pA. The voltage for half-activation o f
tonic neurons was at -25 mV and that for phasic neurons was -15 mV. The I 50 was at -70 mV, in
which phasic was 340.2±188.8 pA and tonic was 428.6±174.6 pA. The Imax (-130 mV) o f phasic
was 823.8±143.7 pA and o f tonic was 1165.6±448.6 pA. The data are summarized in Table 4.
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Figure 3- 17. IA in acute IMG neurons and IA activation and inactivation
curves.
A through C are IA inactivation, D though F are IA activation. G and H are the hoo and V-I
curves o f IA in phasic and tonic neurons.
A cell was held at -50 mV. IA inactivation was evoked by series o f hyperpolarizing pulses (10
mV increment to -130 mV) followed by a depolarizing step +20 mV.
IKv inactivation evoked by depolarizing step to +20 mV.
The trace B w as subtracted from A to yield IA inactivation.
The cell was held at -50 mV, IA activation was evoked by conditioning hyperpolarization pulse
(-110 mV in 10 mV increment) followed by depolarization steps (range from +20 mV to -60
mV).
Depolarizing pulses from -50 mV to -20 mV evoked Ikv-
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F.
G.
H.

The IKV was then subtracted from the lA total to give rise to the IA.
Normalized I A inactivation (hoo) and the peak IA activation for both phasic and tonic neurons.
The phasic neurons and tonic neurons have the same hoo.
The measurements o f peak IA in phasic neurons and in tonic neurons show clearly that IA o f
tonic neurons (n=3) is larger than IA o f phasic neurons (n=3), although it is not significantly
different between the two groups o f neurons.

T able 4. P ro p e rtie s o f IA in IM G neurons

*A (% )
A m plit
ude
(pA/Om
V)

Phasic

Tonic

U nlab-P

Unlab-T

32

40

24

27

(n= 12/38)

(n=8/20)

(n=7/29)

(n=4/15)

664.71196.5
(n=3)

1157.21314.0
(n=3)

204.9184.4
(n=4)

1645.01326.0
(n=4)

823.81143.7
(n=4)

1165.61448.6
(n=6)

578.6112.2
(n=2)

1538.11278.1
(n=3)

20.6
(n=2)

2.5
(n=3)

Im»x

A rtery -T
50
(n=3/6)
362.3
(n=D

531.3
(n=2)

481.0
(n = l)

743.2
(n= I)

(n=0)

6.2
(n = l)

x (ms)
7.1
(n=2)

12.8
(n=I)

Vein-T
57
(n=4/7)

* Ia w a s te s te d w ith c o n d itio n in g h y p e r p o la r iz a tio n ste p .

The U o f both phasic and tonic neurons we almost inactivated at -50 mV (Figure 3-17G
and H). Unlike intact IMG with intracellular recordings, the inactivation curve o f tonic neurons
was not more positive than phasic neurons. In intact IMG, complete inactivation o f tonic neurons
occurs at -40 mV while this event occurs at -50 mV in phasic neurons (Cassell et al., 1986a).
Thus in tonic neurons, Ia was still active at -40 mV while it was already completely inactivated
in phasic neurons. I observed that both phasic and tonic neurons were inactivated at -40 mV and
activated at -50 mV.

The occurrence o f IA in vascular neurons was higher than in acute and unlabeled neurons,
which might indicate a uniqueness o f vascoular neurons from non-vascular neurons. The
amplitude o f Ia was unlabeled>acute>labeled neurons (Table 4).
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Unlabeled neurons. IA was present in 24% (n=7/29) o f phasic and 27% (n=4/l 5) o f tonic
neurons (Table 4). The amplitude o f IA in tonic neurons (1654.0±326.0 pA, n=4) was
significantly higher than that o f phasic neurons (204.9±84.4 pA, n=4, P<0.05. Figure 3-18A).
The t o f the phasic neurons was 20.6 ms (n=2) and o f the tonic neurons was 2.5 ms (n=3). The
voltage-dependency o f activation/inactivation was similar to acute neurons. Tonic neurons had a
deeper slope to the V-I curve relationship than arterial neurons (Figure 3-18A).
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Figure 3- 18. IA in arterial, venous and unlabeled neurons.
A. IA o f an arterial neurons is smaller than a venous neuron.
B. IA o f unlabeled tonic neurons is much larger compared to one unlabeied
phasic neuron. The IA o f unlabeled neurons have the same trends with
acute phasic neurons and tonic neurons.

Arterial and venous neurons. IA was in 50% (n=3/6) o f arterial and 57% (n=4/7) o f
venous neurons (Figure 3-15, Table 4). Venous neurons had a steeper voltage dependency than
arterial neurons. The relationship o f the V-I curves between the arterial and venous neurons was
similar to the V-I curves between phasic and tonic neurons (Figure 3-1 8B). For example, at 0
mV the amount o f currents o f activation o f venous neurons were 531.2 pA (n=2) and o f an
arterial neuron was 362.3 pA. The amount o f current o f inactivation at -130 mV, in tonic neurons
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was 743.2 pA (n=l) and in phasic neurons was 481 pA (n=l). The half-activation was -5 mV or 25 mV for arterial or venous neurons, respectively. The half-inactivation potential was -95 mV
or -80 mV for arterial or venous neurons, respectively.

3.9.3.4. Delayed rectifier c u rre n t (I kv)

I kv

was present in all groups o f neurons. From a holding potential o f -60 mV (around Em),

a series o f depolarizing command steps (100 ms duration) up to +20 mV evoked sustained
outward going currents without any decay (Figure 3-19A and B). The properties o f this voltagedependent outward going current is similar to those reported previously for Ikv (Vanner et al.,
1993; Marsh & Brown, 1991; Belluzzi et al., 1985b). The Ikv was activated at -30 mV. When
Vcommand was more negative than 0 mV, the

Ikv

was small. The

Ikv

was not activated at a

Vcommand more negative than -40 mV. Neurons were voltage clamped at -50 mV for a duration o f
450ms, and one step hyperpolarization to -60 mV was applied that was followed by a series o f
depolarizations to +20 mV (step duration o f 200 ms 10 mV increments). This series o f
stimulation occurred every 10s before being returned to the final Vhoid o f -50 mV. The V-I curve,
measurement o f the sustained current at 500 ms after onset, was constructed using pClemp
software.

This protocol also evoked

Ia,

because

Ia

was activated at -50 mV. The IA, however, was a

transient current, decayed rapidly with a x o f less than 20 ms. The IKv was measured at plateau
(100 ms).
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-50 mV

Figure 3- 19. Ikv in IMG neurons.
A.
IKv was evoked by depolarizing pulses without decay and the outward rectification is
shown.
B.
The amplitude o f IKv o f phasic neurons is greater than tonic neurons at -30 m V and -20
mV. The amplitude o f IKv o f tonic neurons is greater than phasic neurons at +20 mV.
C.
The t o f tonic neurons is slightly faster than phasic neurons.

Following the prolonged steps that returned to Vh0|d o f -50 mV, tail currents were produced
which decayed and fit a single exponential function. The tail current and x were measured within
100

ms after the Vcommand was returned to the Vhoid- There was no difference in x o f the

I kv

comparing the onset and the tail current at 0 mV and there was no different o f the x between 0
mV and +10 mV as well. Therefore the x o f the tail current was measured at 0 mV. The x o f the
tail current for all groups o f IMG neurons was less than 10 ms (see below), and there was no
significant difference among groups (Table 5). The x o f tail current was similar to that previously
reported, i.e. the "fast tail" (x=10 ms, Figure 3-19C), in rat sympathetic neurons (Belluzzi et al.,
1985b; Freschi, 1983b).
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Table 5. Properties of Ikv >n IMG neurons

A m plitude
(pA/OmV)

r
(m s/+10m V)

Phasic
1036.2±111.0
(n=7)

Tonic
1118.7± 164.3
(n=8)

U nlab-P
676.5± 152.0
(n=5)

U nlab-T
1291.11238.7
(n=4)

A rtery -T
424.6
(n=2)

Vein-T
560.5
(n = l)

2 .6± 0.1
(n=7)

1.6± 1.0
(n=4)

1.010.3
(n=5)

1.510.3
(n=3)

5.8
(n=2)

10.3
(n = l)

Acute neurons. The amplitude o f the steady state current o f Ikv was measured 200 ms
after the onset o f the depolarizing command pulse. The V-I curves o f both phasic and tonic
neurons showed prominent outward rectification. The amplitude o f Ikv in tonic neurons was
larger than in phasic neurons when the Vcommand was positive to 0 mV (P<0.05 at +10 mV, Figure
3-19, Table 5). But on the contrast, the

I kv

in phasic neurons was larger than that seen in tonic

neurons if the Vcommand was negative to 0 mV (P<0.05 at -30 mV, Figure 3-19, Table 5). Thus,
the two V-I curves intersected twice (Figure 3-19). At 0 mV, the

Ikv

o f phasic was 1036.2±111.0

pA (n =7) and o f tonic was 1118.7± 164.3 pA (n=8). The amplitude o f these currents was smaller
than reported for rat superior cervical ganglion using intracellular voltage and currents micro
electrodes (up to 50 nA) (Belluzzi et al., 1985b; Marsh & Brown, 1991). Except for unlabeled
neurons (see below), this pattern o f the V-I curve was consistent throughout all the groups tested.

The x o f the tail current was 2.6±0.1 ms (n=7) or 1.6±1.0 ms (n=4) for phasic and tonic
neurons respectively (Figure 3-19C).

Unlabeled tonic neurons. In unlabeled neurons, however, the

Ikv

in tonic neurons

(1291.1±238.7 pA, n=4) was always larger than that seen in phasic neurons (676.5±152.0 pA,
n=5, P<0.05. Figure 3-20A, Table 5). There was no intersection in their V-I curves. Rectification
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was seen when the Vcomniand was positive to -30 mV. The x o f the tail current was 1.0±0.3 ms
(n=5) or 1.5±0.3 ms (n=3) for phasic and tonic respectively (Figure 3-20B, Table 5).

Arterial and venous neurons. Arterial and venous neurons had smaller Ikv- The amplitude
of Ikv o f arterial neurons at 0 mV was 424.6 pA (n=2) and o f one venous neuron was 560.5 pA
(n=l) (Figure 3-20C, Table 5). No further analysis was performed due to the small sample size.
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Figure 3- 20. IKv o f unlabeled, arterial and venous neurons.
The amplitudes o f IKv o f tonic neurons are larger than phasic unlabeled neuron,
but the
unlabeled neurons do not have the same trends as in acute phasic neurons and tonic neurons.
B. The x o f unlabeled phasic neurons is similar with tonic neurons.
C. The amplitude o f I kv o f a venous neurons is larger than an arterial neuron.
A.

3.9.3.5. After hyperpolarizing current ( I a h p )
The Iahp, which is the current underlying the AHP, is a group o f calcium activated
potassium currents (Iiccas, see Introduction 1.3.1.6.). In this study I used the term IAhp to refer to
the calcium-activated potassium currents. Iahp is proposed to exert separate but additive effects
with Im in limiting o f spike discharges in rat sympathetic ganglia (Brown, 1988). Three types o f
potassium currents are activated during the firing o f action potentials, they are designated as fast
(SK), intermediate (IK) and slow (BK) by their kinetics. They have different responses to
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different antagonists (see Introduction 1.3.1.6.). I did not attempt to separate the focas-

The I ahp was obtained under voltage clamp recording. A conditioning depolarization to
+ 2 0 mV from Vhoid (-6 0 mV) was first applied, which then was followed by a series o f

hyperpolarizing steps from -2 0 mV to -8 0 mV in 10 mV increments (see section 1. 1.2.4.). Inward
relaxations demonstrated as tail currents were evoked by this protocol and these current currents
slowly reached steady state. Inward relaxation reversed to outward going relaxation at -7 0 mV
(Figure 3-21 A). The I ahp was measured as the steady state current. The amplitude o f IAhp was
larger at the less negative voltage. At a less negative potential, the driving force (NDFk+=Em-Ek)
for potassium is increased.

The amplitude o f the

Iahp

at -20 mV was similar in all the groups tested (Figure 3-2IB,

Table 6), which is different from the SEVC recordings which indicate that the amplitude o f I a h p
of phasic neurons was significantly smaller than that o f tonic neurons (Cassell et al., 1986a). The
t of

Iahp

was not different in phasic versus tonic neurons (Figure 3-21C, Table 6)._The time

constant o f the intermediate
slow

Iahp

Iahp

is directly related to the number o f action potentials, but not for

(Cassell & McLachlan, 1987b).

Table 6. Properties of IAHp in IMG neurons
I ahp

Amplitude
(pA/-20mV)
x (ms)

Phasic
447.0±31.1
(n=I3)

Tonic
262.7±25.4
(n=3)

Unlab-P
380.0174.3
(n= 18)

Unlab-T
347.1166.1
(n=10)

Artery-T
113.6
(n=2)

Vein-T
41.5
(n=2)

21.013.1
(n=l6)

13.511.3
(n=3)

35.513.7
(n=20)

45.118.5
(n=9)

31.819.7
(n=3)

22.7
(n=2)
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Acute neurons. At -20 mV, the amplitude o f

Iahp

o f phasic neurons (447.0±31.1 pA,

n=13) was not significantly different from that o f tonic neurons (252.7±25.4 pA, n=3. Figure 32 IB). The x was not different between phasic (21.0±3.1 ms, n=16) and tonic neurons (13.5±3.1
ms, n=3. Figure 3-21C).
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Figure 3 -2 1 . Iahp o f IMG neurons.
A. Large depolarizing step from -60 mV followed by a series repolarizing steps
induces tail current. The IAHP is being larger at more depolarized V,
a.
B. The amplitudes o f IAhp o f arterial and venous are small. The amplitudes o f
phasic neurons are larger than tonic neurons in both CG and IMG neurons.
C. The t o f phasic neurons is longer than tonic neurons in both CG and IMG
neurons.

Unlabeled neurons. The amplitude o f

Iahp

o f phasic neurons was 380.0±74.3 pA (n=18)
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and that o f the tonic neurons was 347.1±66.1 pA (n=lO, P>0.05. Figure 3-21B, Table 6). The x
was 33.3±4.2 ms (n=21) or 45.1±8.5 ms (n=9) for phasic or tonic neurons respectively (Figure 321C, Table 6).

A rterial and venous neurons. The amplitude and the x o f the arterial neurons were 113.6
pA (n=2) and 31.8±9.7 ms (n=3), respectively (Figure 3-2IB, Table 6). The amplitude and the x
o f the venous neurons were 41.5 pA (n=2) and 22.7 ms (n=2) respectively (Figure 3-21C, Table
6).

3.9.3.6. The incidence o f inw ard rectification was higher in a rte ria l th an in venous
neurons

Inward rectification was investigated in voltage clamp mode with a ramp protocol. The cell
was held at -60 mV, followed by a hyperpolarization step to -100 mV for 3.6 s after which time a
ramp o f 100 mV was applied over 14.4 s that reached the final step at 0 mV before being stepped
back to the Vhoid- The rate o f the ramp was 7mV per second. An inward rectification (i.e.
transition in slope) was observed in some cells (Figure 3-22Aa, Table 7). A cell which did not
contain inward rectification by the ramp protocol is displayed in Figure 3-22Ab. The IR can also
be seen in I m protocol (Figure 3-22Ac). The inward rectification obtained with the ramp protocol
was analyzed visually. A linear slope o f a proportion o f the current around Em was taken. At the
deviation point where the transition o f the slope occurred, the activation o f the inward
rectification was determined by using Clampfit software. An IR record from one cell displayed
in Figure 3-22Aa showed a slowly increasing outward going rectification that started from -50
mV. In the other cell which did not contain the inward rectification, a sharp outward going
rectification was seen. The amplitude o f inward rectification was not quantified with the ramp
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protocol.

Table 7. Properties o f inward rectification (IR) in IMG neurons
Phasic
Tonic
Unlab-P
Unlab-T
IR (%)
78
83
70
46.2
(n=7/10)
(n=6/13)
(n= 18/23) (n= 10/12)
Activation (mV)

-80.6±1.2
(n=18)

-85.111.7
(n=10)

-85.111.7
(n=7)

Ac.

A».

Artery-T
80.0
(n=4/5)

Vein-T
42.9
(n=3/7)

-8014.5
(n=4)

-71.713.7
(n=3)

-82.11.5
(n=6)
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Figure 3- 22. Inward rectification was identified from a ramp protocol.
Neurons were voltage clamped at -60m V before being hyperpolarized to -lOOmV for
3.6s. Neurons were then steadily depolarized to OmV over 14.4s before being step
hyperpolarized back to the holding potential o f -60mV (see voltage trace below). Inward
rectification was observed over the voltage range -100 to -60mV. The currents at the
onset and offset o f the ramp protocol have been removed.
Aa Inward rectification in an arterial tonic neuron.
Ab Lack o f inward rectification in an unlabeled tonic neuron.
Ac M -current protocol in the same arterial neuron as (Aa). Neurons were voltage clamped at
-30m V the step hyperpolarized by increments o f lOmV for a duration o f 2.3 s every 2 - 18s
until a final voltage o f -1 lOmV was reached (see voltage trace below). Note the inward
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and outward current relaxations characteristic o f IM in addition to the inward rectification,
seen as an increasingly larger current deflections to voltage steps negative to -70mV.
Ad M -current protocol in the same unlabeled neuron as (Ab). lM was present in this neuron.
Since an M-current was present in both the arterial and unlabeled neuron, the inward
rectification observed in the arterial neuron (Aa) but not the unlabeled neuron (Ab)
cannot be attributed to IM.
B
A graph showing the incidence o f IR in CG and IMG neurons. The incidence o f IR is
higher in arterial neurons than in venous neurons. Larger proportion o f IMG neurons than
CG neurons contain IR.
C
The activation o f IR. Note that the CG tonic is activated at a V
a that is significant
more negative than CG phasic neurons, P<0.05. All the IMG neurons have the same IR
activation range.

The majority o f neurons displayed inward rectification at potentials negative to -60 mV. I
refer to this as "inward rectification" and use the abbreviation IR to indicate that I have not
attempted to differentiate the inward rectification

( I k ir )

from the current

( I h ).

The

I k ir

maintains

the Em by bringing in constant K+ influx, which is considered more important in tonic neurons
because tonic neurons have an unstable Em (Wang & McKinnon, 1996). In fact,

I k ir

in rat

prevertebral isolated neurons, which is activated at a hyperpolarization step negative to -90 mV,
is markedly larger in tonic than in phasic neurons (Wang & McKinnon, 1996).

Acute neurons. There were 78% o f phasic (n= 18/23) and 83% o f tonic neurons (n=10/12)
that exhibited inward rectification (Figure 3-22Aa and B, Table 7). The inward rectification in
phasic neurons started at a voltage range negative to -80.6±1.2 mV. The inward rectification in
tonic neurons was initiated at a voltage range negative to -85.1±1.7 mV (P>0.05, Figure 3-22C,
Table 7).

U nlabeled neurons. Inward rectification was present in 70% o f phasic (n=7/l0) and in
46% o f tonic neurons (n=6/13, Figure 3-22B, Table 7). In phasic neurons, the inward
rectification was activated at a Vcommand negative to -85.111.7 mV. In tonic neurons, the inward
rectification was also activated in a similar range o f Vcommand to -82.110.5 mV (P>0.05, Figure 3104
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22C, Table 7).

A rterial and venous neurons. Eighty percent of arterial neurons (n=4/5) and 43% of
venous neurons (n=3/7) showed inward rectification (Figure 3-22Aa and B, Table 7). The
incidence of inward rectification in arterial neurons was two-fold higher than venous and
unlabeled neurons (P<0.05). The activation of inward rectification of arterial neurons was at
Vcommand

more negative to -80±4.5 mV and of venous neurons was at V COmmand more negative to -

71.7±2.7 (P>0.05).

3.9.4. Summary of m em brane characteristics of vascular and nonvascular neurons
a)

All the arterial and venous neurons were tonic neurons.

b)

Venous neurons had significantly higher

R jn

than acute, unlabeled and arterial

neurons.

c)

All the five voltage-gated potassium currents tested were present in the unlabeled,

arterial and venous neurons. The occurrence of inward rectification in arterial neurons was two
fold higher than venous neurons and unlabeled neurons. The incidences of Ia in arterial and
venous neurons were higher than the acute neurons and unlabeled neurons, but the occurrences
of Im were less than the acute neurons and unlabeled neurons.

3.10. Comparison o f electrophysiological properties o f CG with IMG neurons

The properties o f dissociated CG neurons have been subsequently examined in the light of
actions o f neurotransmitters (Coggan et al., 1991b; Coggan & Kreulen, 1992; Coggan et al.,
1994; Vanner et al., 1993). The properties of CG and IMG neurons have been studied in intact
ganglia preparations using intracellular recording, in which their membrane characteristics are
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clearly different. There also might be differences between neurons o f the two ganglia in
dissociated neurons, which have not been studied. Since the CG and IMG innervate different
organs, their function-specific pathways might be different from one another. Furthermore,
phasic neurons might serve function-specific pathways that are different from the functionspecific pathways that involve tonic neurons. The technique o f primary cell culture o f
prevertebral ganglia has originally developed in this laboratory and CG were the first ganglia
used for the cell culture (Coggan et al., 1991b; Coggan et al., 1991a). I characterized and
compared membrane currents o f CG and IMG. The morphology o f the two ganglia is similar.
Dissociated CG neurons provide a higher yield o f plated neurons than IMG neurons, the cell
density o f CG is ranged between 20 and 100 cells per cm2 (Coggan et al., 1994).

3.10.1. IMG neurons comprised more phasic neurons than CG neurons

Whole-cell patch-clamp recordings were conducted on CG neurons in primary cell culture.
As described previously in IMG neurons, a series o f protocols were performed in the current
clamp mode to evaluate the response o f the neurons to a maintained depolarizing current. The
firing pattern o f the CG neurons was then defined as tonic or phasic.

Recordings in 350 neurons from 46 freshly dissociated CG were obtained between one and
6 days after dissociation. 159 o f 350 neurons (i.e. 47%) responded to depolarization with a
phasic firing pattern. In contrast, 191 o f the 350 neurons analyzed responded to depolarization
with a tonic-firing pattern (i.e. 53%). The ratio o f phasic to tonic neurons in CG was different
from IMG which had more phasic (70%) than tonic firing neurons (30%) (Figure 3-13C, Table
8).
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Table 8. Passive membrane properties of CG neurons

Em (mV)

R|n (M£2)

Phasic

Tonic

47%

53%

(n=159/340)

(n=l91/340)

-53.7±1.7‘

-47.7±1.0‘

(n=25)

(n=39)

169.8±13.382
(n=107)

444.9±22.22
(n=!26)

Rin were measured between -45 to -55 mV.

1,2 P < 0.05.

3.10.2. Membrare properties are similar between IMG and CG neurons

The Em and Rj„ o f CG neurons were similar to that o f IMG neurons (Table 8). The passive
properties o f CG neurons, however, were significantly different between phasic and tonic
neurons. The Em was greater in phasic neurons (-53.7±1.7 mV, n=25) than in tonic neurons (47.7±1.0 mV, n=39, P<0.05), whereas the Em in IMG phasic and tonic neurons was the same
(Figure 3-10, Table 2). The R j„ calculated at -45 to -55 mV was 189.3±22.8 MQ (n=108) in
phasic neurons and 444.9±21.1 MQ (n=126) in tonic neurons (P<0.05). This lower Rj„ o f phasic
and higher Rin o f tonic neurons was seen also in IMG neurons (Figure 3-11, Table 2). The firing
properties and passive properties o f phasic and tonic neurons are summarized in Table 8.

3.10.3. Voltage-dependent and calcium-activated potassium currents in the CG
neurons

The presence or absence o f several voltage-dependent and calcium-activated potassium
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currents ( I m , I a , I kv , inward rectification, and Iahp) and AHP was examined in the CG neurons.
Details o f the voltage protocols used for the characterization o f AHP and the five currents as well
as construction o f their V-I relationship constructed were as the same as in IMG neurons. The
ion substitution and pharmacological experiments are described individually.

3.10.3.1. The occurrence of Im in CG neurons was as the same as in IMG neurons

Im

was present in 51% o f phasic (n=42/82) and 43% o f tonic neurons (n=24/41, Figure 3-

14). The ratio o f Im in CG neurons is similar to IMG neurons. The reversal potential was
comparable with IMG neurons, in which phasic was -75.4±0.9 mV and tonic was -77.9±4.3 mV
(Figure 3-23B). The amplitude o f Im in phasic neurons was 92.7±11.3 pA (n=15), which was
larger than Im o f phasic in IMG (P<0.05), and in tonic neurons was 65.3±17.9 pA (n=6, Table 9).
The amplitude o f Im was the largest at -50 mV in CG phasic neurons, and at -40 mV in CG tonic
and IMG neurons. Bath applying Ba** or Cs+ alone diminished the amplitude o f IM (Figure 323C and D, Figure 3-24), Co** did not affect the Im (Figure 3-25).

T able 9. P ro p erties o f I m in C G neurons

M (%)
A m plitude (pA/-50mV)

t

(m s)

Phasic
51
(n=42/82)

Tonic
43
(n= 12/28)

92.7±11.3
(n=15)

65.3117.9
(n=6)

144.5110.3
(n=33)

87.3120.9
(n=8)

PO .05.
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T he tim e constant of I m

(tm ) in

C G is less th an in IM G neurons. The tm o f CG neurons

was best fit by a single exponential function. The tm o f phasic neurons (144.5±10.3 ms, n=33)
was significantly longer than that o f the tonic neurons (87.3120.9 ms, n=8, P<0.05. Figure 3-14,
Table 9). Also tm o f phasic neurons was significantly shorter than IMG phasic neurons (P<0.05),
and the tm o f tonic neurons was significant less than that o f IMG ton if' neurons (P<0.05, Figure
3-14). The tm o f the CG neurons were also shorter than that observed with intracellular
recordings (Vanner et al., 1993).

3.10.3.2. T he incidence of I a in CG was higher than in the IM G neurons

As in IMG neurons, IA was studied in the presence o f TTX (0.3-1 (iM) and Co** (2-5 mM)
in order to avoid contamination o f the current by activation o f lea s or INa. IA was present in 57%
(n=4/7) o f phasic neurons and 60% (n=3/5) o f tonic neurons in the CG, which was more than in
the IMG phasic and tonic neurons (Figure 3-15, Table 10).

T able 10. P ro p erties o f IA in CG neurons

*A (% )

A m plitude (pA/OmV)

Ifflax

x (m s)

Phasic
57
(n=4/7) 9

Tonic
60
(n=3/5)

554.2
(n=I)

1142.6
(n=2)

768.3±393.0
(n=3)

1206.81319.1
(n=2)

14
(n= l)

3.5
(n=2)

*Ia was tested with conditioning hyperpolarizing steps.
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Figurs 3- 23. M -current protocol is the same as seen in IMG neurons.
Neurons were voltage clamped at -30mV the step hyperpolarized by increments o f
lOmV for a duration o f 2.3s every 2-18s until a final voltage o f -1 lOmV was reached
(see voltage trace below). The inward relaxation and outward relaxations at end o f
hyperpolarizing command can be seen.
A lM recorded in a control condition (Kreb’s only).
B V-I curves o f I ^ , and I„ o f CG neurons.
C
Same cell as A with B a~. Note that B a~ reduced the Im, the V-I curve is displayed in
D.
D The V-I curves o f Im in control and in present o f B a~ inone cell.

The voltage-dependencies o f the activation and inactivation were the same as that observed
in the IMG neurons (Figure 3-26, 3-17, Table 10). The V-I relationship o f tonic neurons had a
steeper slope than phasic neurons. The half-activation o f both phasic and tonic neurons occurred
between -20 to -25 mV while half-inactivation were observed between -85 to -90 mV. The
amplitude o f IA activation o f phasic neurons at 0 mV was 554.2 pA (n = l) and that o f tonic
neurons was 1142.6 pA (n=2). The activation threshold for IA was -50 mV for both phasic and
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tonic neurons, which was the same as in IMG neurons. The Imax was 768.3±393 pA (n=3) or
1206.8±319.1 pA (n=2) for phasic and tonic neurons, respectively. The amplitude o f Ia was 50%
less and the inactivation characteristics were different from that previously reported for IA
(Vanner et al., 1993).

Control

-3 0 tn V

-30 m V

Control,'

-3 0 m V

(mV)
-50

0J0

A(n A )
0.10

200 pA

0.20

Figure 3- 24. C s ' diminished Im in one CG neuron.

The IA decayed (t ) exponentially as seen in IMG neurons when an activation protocol was
applied. The t o f IA current decay was 14 ms (n= l) in phasic and 3.5 ms (n=2) in tonic neurons,
respectively (Table 10). The t o f CG phasic neurons was longer than tonic neurons, which
seemed different from the t o f IMG neurons while phasic neurons displayed shorter t than tonic
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neurons. Also the x was shorter than previously reported in dissociated CG neurons (33±4 ms)
(Vanner et al., 1993). Due to the small sample size, however, no further conclusion could be
made.

Control

Co** (2 m M )

-4 0 m V

-4 0 m V

-100 mV

| 400 pA

-C.1C

200 ms
-C.2C

-C.3C

Figure 3- 25. C o ~ did not affect the IM in one CG cell.
The cell was held at -40 m V.

3.10.3.3. Delayed rectifier ( I k v )

Ikv

was present in all the CG neurons tested as seen in IMG neurons. The amplitude and

the shape o f the V-I curve were identical to that obtained for the IMG neurons. Like IMG
neurons, the amplitude o f Ikv for tonic neurons measured at +10 mV and +20 mV was
significantly larger than phasic neurons (P<0.05, Figure 3-27A, Table 11). Unlike IMG neurons,
however, there was no significant difference at -20 or -30 mV (Figure 3-27A).
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Table 11. Properties o f IKv in CG neurons
___________ I kv________________ Phasic__________ T o n ic ___
A m plitude (pA/OmV)
1101.5±103.2
1319.8±110X
(n=4)
(n=4)
t

(m s/+10m V)
________________

45.7±9.2
(n=l 1)

1* (PA)
1600

h<o
1.0 v

0.6 •
o.4-

• p h u ic O

• tome Q
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0.8 ■
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Figure 3- 26. IA o f CG neurons.
The hco is the same in both phasic neurons and tonic neurons, the
amplitudes o f tonic neurons are larger than phasic neurons, this is the same as
in IMG neurons.
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Figure 3- 27. IKV o f CG neurons.
The am plitude o f IKv o f CG phasic neurons (n=4) is slightly larger than
tonic neurons (n=4), P>0.05. The amplitudes o f tonic neurons are significantly
larger than phasic neurons, P<0.05. The shape o f the V-I curves are the same as
in the IMG neurons.
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Figure 3- 28. 4-AP (1 mM) and TEA (5 mM) diminished the amplitude o f Ikv
in one CG neuron.
A. The I kv blocker 4-AP diminished the I kv . TEA largely inhibited the I kv B. A V-I curve o f steady state o f the cell in A.
C. 4-AP diminished the IKv o f a phasic neuron and a tonic neuron. Note that the V-I
curve o f phasic neurons and tonic neurons kept the same shape after 4-AP.
D. A V-I curve o f the tail current from the same neuron as in A. TEA completely
abolished the tail current.

In the presence o f 4-AP, the amplitude o f

Ik v

was diminished by 200 pA for both phasic

and tonic neurons (Figure 3-28). The V-I curve was still intersected twice in the presence o f 4AP (Figure 3-28C). Extracellular application o f TEA (5 mM) inhibited the Ikv by over 50% and
completely abolished the tail current (Figure 3-28A and D), which confirmed that the tail current
was

Ikv

(Freschi, 1983b).

Phasic CG neurons had a longer t than tonic and IM G neurons. The x o f tail current in
CG phasic neurons (45.7±9.2 ms, n= l 1) was significantly longer than tonic neurons (12.2±2.3,
n=7, P<0.05; Figure 3-28C, Table 11). In addition, the x o f both phasic and tonic CG neurons
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was longer than that observed in IMG neurons. In the presence o f 4-AP, the x was reduced
(Figure 3-28C).

3.10.3.4.

The amplitudes of after-hyperpolarization of the phasic and the tonic

neurons were the same

The calcium-dependent potassium current o f CG neurons was investigated. In current
clamp recording, an after-hyperpolarization was induced after burst action potentials by a
sustained depolarizing current injection. In voltage clamp recording, tail currents were evoked by
series large step o f depolarizations. These currents are the underlying basis o f the after
hyperpolarization.

Characteristics o f AHP. When a cell was injected with sustained depolarizing current to
fire action potentials, an after burst AHP was induced. The AHP then slowly returned back
toward the holding potential (-50 mV) in 20/20 o f CG neurons tested. After the burst o f the
action potentials, 80% o f phasic and 30% o f tonic neurons stayed in a depolarized plateau. The
amount o f depolarization was in a range from -40 mV to +40 mV with a duration several
hundreds o f ms (Figure 3-29Aa and Ab). The amplitude o f the AHP did not change (A<4 mV)
with the different current injection steps (100 to 500 pA in 3 to 5 steps). The amplitude o f the
AHP in phasic neurons (-11.5±1.0 mV, n=5) was the same as that observed in tonic neurons (13.5±1.4 mV, n=4, P>0.05. Table 12).
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Table 12. Properties o f AHP in CG neurons
CG
AHP
A m plitude cc (mV)

t

(ms)

C ontrol
Phasic
- 1 1.5±l.O
(n=5)

Tonic
-13.5±1.4
(n=4)

255.0±74.0
(n=8)

958.91166.0
(n=5)

Aa. Phasic

Ab. Phasic

I)
- 55 m V —

ii;

— ----- , .■■■

-S 3 m

"

V

i

62 pA
0 pA

------

50 pA

'

0 pA

B. T o n i c

•

C.

1200
10 m V
100 p A

1000

P < 0.05

800

200 ms
600
400

200
0

■55 m V
lOOp A

OpA

□

Phasic
n*=8

Tonic
n=5

Figure 3- 29. AHP in CG neurons induced by sustained depolarizing current
(400 ms).
There two types o f the after bust AHP in phasic neurons distinct by the
decay o f the AHP, the decay o f AHP in tonic neurons is also different from phasic
neurons.
Aa.
A phasic neuron with faster decay o f AHP.
Ab.
AHP o f a phasic neuron does not decay.
B.
A tonic neuron, its AHP decayed slower than the neuron o f Aa.
C.
Tonic neurons have significantly longer t than phasic neurons,
P<0.05. The data o f phasic neurons that did not decay were not
included in C.
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Time constant (x) o f AH P. In 70% o f cells, which was 100% o f tonic and 50% o f phasic
neurons, more than one phase o f the AHP was present (Figure 3-29Aa and B). The first phase
decayed rapidly and the second phase lasted several seconds, which fits a single exponential
function. The decay o f the AHP in phasic neurons (255.0±74.0 ms, n=8) was three times faster
than that o f tonic neurons (958.9±166.0 ms, n=5, P<0.05. Table 12). In another 30% o f neurons,
which were all phasic neurons that showed depolarization after the burst o f action potentials, the
AHP decayed too slowly to be fit with a single exponential function (Figure 3-29Ab).

Am plitude and time constant o f I a h p - In some neurons, voltage clamp was performed for
testing the

Iahp a s

in IMG neurons. Thus, when a conditioning depolarization was followed by a

series o f hyperpolarizing steps, inward relaxation was evoked and slowly reached a steady state
(Figure 3-21 A). The inward relaxation reversed to outward going relaxation at -70 mV. The

I ahp

was measured as the steady state current at -20 mV. Unlike AHP in IMG neurons the amplitude
o f the AHP in phasic CG neurons (613.2±46.0 pA, n=61) was significantly larger than that o f
tonic CG neurons (304.0±46.0 pA, n=38, P<0.05. Figure 3-2IB, Table 13). The time constant in
phasic neurons was 24.6±3.2 ms (n=6) and for tonic neurons was 13.8±5.6 ms (n=3, P>0.05.
Figure 3-21C, Table 13). The t were five or eight times shorter than the t obtained with
intracellular recordings in intact CG neurons (130±8 ms) (Cassell & McLachlan, 1987b).
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Table 13. Properties of I Ah p in CG neurons
I ahp
A m plitude (pA/-20mV)

t

(m s)

Phasic
613.2±46.0
(n= 6l)

Tonic
304.0±40.7
(n=38)

24.6±3.2
(n=6)

13.815.6
(n=3)

The AHP and IAhp had different pharmacological properties. The bee venom toxin apamin
(100 nM), which blocks the fast (SK) and intermediate (IK) calcium activated potassium current,
reduced the amplitude o f the AHP and

I ahp

by 20 and 30%, respectively (Figure 3-30A and C,

and E and F). Apamin also decreased the time constant o f the AHP by 90% and o f the

IAh p

by

20% (Figure 3-30D and G). The potassium channel blocker TEA (5 mM) plus apamin further
decreased the AHP (Figure 3-30B and D). Ion substitution o f Co** (2 mM) reduced the
amplitude o f the

Iahp

by over 70% (Figure 3-31B and D). In the same manner, Co^" (2 mM)

diminished the AHP by 50% (Figure 3-31 A) and reduced the x o f AHP by 90% (Figure 3-31 A, C
and E). Cs+ (2 mM) abolished the AHP and reduced the x by over 90% in tonic neurons (Figure
3-32). Ba++ (2 mM) also decreased both the amplitude and the x o f AHP by 40% (Figure 3-33A,
C and E), as well as reduced the amplitude o f I a h p by 50%, respectively (Figure 3-33B and D).

3.10.3.5.

The incidence of inward rectification in CG neurons was less than in IMG

neurons

Inward rectification was investigated under voltage clamp conditions with the same ramp
protocol as that employed in IMG neurons (Figure 3-22Aa). IR was present in 29% o f phasic
neurons and 28% o f tonic neurons (Figure 3-22B, Table 14). The voltage range o f activation o f
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the inward rectification was the same between phasic (negative to -78.9±1.6 mV, n=20/70) and
tonic neurons (-82.711.4 mV, n=24/87, P<0.05. Figure 3-22C). The voltage range for activation
o f the IR was similar in CG and IMG neurons, as well as in both phasic and tonic neurons. The
incidence o f inward rectification in CG neurons (29% and 28% for phasic and tonic neurons,
respectively), however, was much less than that observed in IMG neurons (78% and 83% for
phasic and tonic neurons respectively) (Figure 3-22B, Table 14).

Table 14. Properties o f inward rectification (IR) in IMG neurons
Phasic
Tonic
IR (% )
29
28
(n=20/70)
(n=24/87)
A ctivation (mV)

-78.911.61
(n=20)

-82.711.41
(n=24)

‘P<0.05

A. C u rre n t d a m p

D. V oltage d a m p

tonic

phasic

JlO aV

Apaia

60 pA

MB »A

OpA J

_ J2G0pA
200ms

b.

E. 300
< 400
S 300

io n

£ 6
£

I

4

< 2

Apamin

F.
a

^ 400

I
CTL

Apamin

CTL
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£b 20
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<
i
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" I
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Figure 3- 30. Apamin (100 nM) diminished the amplitude and the t o f AHP and (AHp in CG neurons.
A and B. In current clamp, apamin largely decreased the AHP in one phasic cell, apamin
plus TEA completely abolished the AHP in one tonic cell.
C. Both apamin and TEA decreased the t. D to F. In voltage clamp, apamin decreased
the amplitude o f IAHp and the t .

A.

C.

12 i

2000
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<a 1500
3

,8
e
6 -

I 10 mV

« 1000
wt

200 m s 10 pA

< 4 -

Co"

-55 mV

_E
500

2 125 pA

Control
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OpA

CTL

CTL

Co"
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D.
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400

<
a.
0 pA

200 pA
20 mV

-60 mV

300

200

100

200 ms
-20 mV

0

-P —

CTL

Co"

Figure 3- 31. C o " reduces the amplitude and x o f AHP and IAHp.
A and C. In current clamp, C o " reduced the amplitude o f the initial AHP (measured relative to the
Vhoid Of -55 mV) and completely abolished the decay o f the AHP in one CG neuron.
B and D. In voltage clamp, C o " decreased the amplitude o f IAHp in one cell. E. C o " diminished the
x o f AHP in the sam e neuron as in A.

3.10.4. Summary: Comparison of CG and IMG neurons

Firing properties. The occurrence o f phasic neurons was less in CG (47%) than in IMG
neurons (70%). There were more tonic neurons observed in CG (53%) than in IMG (30%).
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Figure 3- 32. C s’ reduces the amplitude and the x o f AHP in a CG neuron.
A and B. C s' abolished the decay o f the AHP.
C. The t o f the cell was reduced by over 70%, which can also be seen in A.
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Figure 3- 33. B a " decreases the amplitude o f the AHP and the IAHP, also diminishes the x o f AHP in
one CG cell.
A and C. B a " decreased the amplitude o f AHP at initial and decay. B and D. B a "
reduced amplitude o f Iahp at *20 mV. E. The t o f the AHP was largely reduced in present o f
B a ".

M em brane properties. While the Em was similar in CG and IMG neurons, the Em o f
phasic neurons was more negative than that o f tonic neurons in both populations. The R jn was
less in phasic than in tonic neurons, which was the same in CG and in IMG neurons.
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T he incidences of the currents. Im and Ia in CG neurons were the same as those o f IMG
neurons and was not different between phasic and tonic neurons. The incidence o f inward
rectification was much less in CG neurons than in IMG neurons with no difference observed
between phasic and tonic neurons.

The am plitudes of the currents. The amplitude o f Im was smaller in CG neurons
(phasiotonic) than in IMG neurons (phasic=tonic). There were no differences in the amplitudes
of

U

and

Ikv

between CG and IMG neurons, the amplitudes o f both

phasic than in tonic neurons. The amplitude o f

Iahp

Ia

and

Ikv

were smaller in

was larger in CG than in IMG neurons, and

also was larger in phasic versus tonic neurons.

T he x of the currents. The x o f Im was shorter in CG than in IMG neurons, in which the x
of phasic was longer than tonic neurons. The x o f Ia could not be compare between the two
ganglia due to small sample size. The x o f Ikv was longer in CG than in IMG neurons, o f which
phasic was longer than in tonic neurons. The x o f

Iahp

was not different between CG and IMG

neurons, and was longer in phasic than in tonic neurons.

3.11.

Pharmacological study: The nitric oxide donor, SNAP, induces an inward current

shift in a subset o f CG neurons
Guinea-pig IMG and CG contain capsaicin-sensitive NO-IR fibers (Gibbins et al., 1987).
NO is a primary sensory neurotransmitter (Zheng et al., 1997), and NO generating compounds
effect sympathetic neurons in vitro (Ma & Szurszewski, 1996; Li et al., 1994; Chen & Schofield,
1993; Anthony et al., 1995). The purpose o f this study was to determine how the primary
sensory neurotransmitter, NO, affects prevertebral sympathetic neurons. Electrophysiological
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recordings were made from 340 CG neurons from 46 guinea-pigs between one and 6 days after
dissociation. The experiments were aimed to determine the action o f NO, specifically the NOdonor S-nitroso-acetyl-penicillamine (SNAP) on primary cultures o f CG neurons.

The reason for using CG neurons instead o f IMG neurons is because it provides a higher
yield o f plated neurons and the CG neurons have been well studied (Coggan et al., 1991b).
Although the differences between the IMG and CG neurons are existed, their general
electrophysiological properties are similar, for example, the Em and Rjn (see section 3.10.).

3.11.1.

The nitric oxide donor, SNAP, induced an inward current shift in the majority

of CG neurons

In neurons that were current clamped at potentials of, or more positive to, -50 mV,
application o f SNAP produced a 3.0±1.4 mV membrane depolarization (n=10, range 0 to 11 mV)
that persisted throughout the drug application and decayed slowly after drug removal. Neurons
voltage clamped at potentials of, or more positive to, -60 mV were found to have a standing
outward current. Application o f SNAP produced an inward shift in this holding current, defined
as an inward current shift.

SNAP (0.03-10 mM) was applied to 159 phasic and 181 tonic neurons. With the ramp
protocol, SNAP produced an inward current shift in 303 (89%) neurons (148 phasic, 155 tonic).
A slightly larger proportion o f phasic neurons (93%) compared to tonic neurons (86%)
responded to SNAP with an inward current shift (Fisher Exact Test). The responses to SNAP
were not found to differ, either qualitatively or quantitatively, between phasic and tonic neurons,
however, and were not analyzed separately.
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3.11.1.1. Desensitization occurred to the excitatory effect of SNAP

After washout o f SNAP and return o f the holding current to pre-drug levels, re-exposure o f
the CG neurons to SNAP within 10 minutes resulted in a current shift smaller than the initial
response. Inward current shifts in response to cloudburst application o f high potassium Krebs’
solution were unaffected. If the interval between exposures to SNAP was 10 min or longer,
SNAP induced the same response observed initially. If the period o f SNAP application was
longer than 30s, the magnitude o f the inward current shift declined while SNAP was still present.

3.11.2. Characterization of the response to SNAP.
3.11.2.1. Concentration dependency

The steady-state inward current shifts to random concentrations o f SNAP were
concentration-dependent (Figure 3-34). A maximum response to SNAP could not, however, be
obtained since at concentrations higher than lOmM, SNAP-induced an irreversible current shift.
The response to lOmM SNAP was taken, therefore, as maximal and the other data points
normalized to this point.

3.11.2.2. Current/Voltage relationship

The inward current shifts to SNAP were voltage-dependent within the range -60mV to
OmV (Figure 3-35). As expected, there was no reversal o f the SNAP-induced current shift was
observed upon hyperpolarization, even at potentials o f up to -lOOmV, because the potassium
currents were inactivated at Em >-60 mV.

The inward current shift obtained upon SNAP perfusion was o f similar magnitude
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independently o f the application protocol, i.e. ramp depolarization or cloudburst application to
neurons voltage clamped at specified potentials.

0.3 m M SN A P
V„-30mV

.0 m M SNAP
V„-30mV

lOmM SNAP
V„-30mV

200pA
4s

100

U
(/)
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E
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Figure 3- 34. SNAP-induced inward current shift is concentration-dependent
A
Cloudburst applications o f SNAP produced a concentrationdependent inward current shift in a neuron voltage clamped at 30mV. The effect was reversible following wash-out o f SNAP.
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B

Concentration-response curve for the SNAP-induced inward current
shift in neurons voltage-clamped at -30mV. Each point represents
data from 4-24 neurons. For data to be used each neuron was tested
with at least 3 concentrations o f SNAP, one o f which was IOmM; a
minimum o f 10 min elapsed between successive drug applications.
All points were normalized to the response produced to IOmM
SNAP.
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Figure 3-35. SNAP-induced inward current shift is dependent upon voltage and neuronal
conductance.
A
Steady-state current/voltage plot obtained from a ramp depolarization from -100
to OmV. In the presence o f IOmM SNAP, the amplitude o f the steady-state current was
reduced. The net SNAP-induced current shift was obtained by subtracting the control
current from the SNAP current
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Ba
Bb

C

(See Ba” }. All subsequent current/voltage plots o f the SNAP-induced
current shift were obtained with this subtraction method.
Net inward current shift induced by SNAP using a ramp depolarization
protocol.
Inward current shift induced by SNAP at different holding potentials.
The traces have been obtained from the same neuron as in (A). Note that
the amplitude o f the current shifts obtained with the ramp depolarization
protocol (Ba) are similar to the amplitudes obtained with the cloudburst
applications at different holding potentials (Bb).
Neuronal conductance (nS; calculated between -60 and -30mV in control
conditions) plotted against the amplitude o f the inward current induced by
IOmM SNAP applied to neurons voltage clamped at -30mV. First order
regression correlation co-efficient r = 0.89.

The absolute amplitude o f the SNAP-induced inward current shifts varied widely between
neurons; the mean inward shift o f cells voltage-clamped at OmV to applications o f 1OmM SNAP
was -314 ± 34.5pA (range -132 to -589pA; n=37).

The amplitude o f the response was

correlated, however, with the slope conductance o f the cells calculated between -30mV and -60
mV in cloudburst-protocol (First order regression correlation coefficient=0.89; Figure 3-35C).

3.11.2.3. SNAP effect is prevented by hemoglobin

Pre-treatment with the NO-scavenger, reduced hemoglobin (20pM), attenuated the SNAPinduced inward current shift (n=8, P<0.05; Figure 3-36A) implying that the SNAP-induced
response is mediated via NO generation. The average reduction o f the inward current shift
induced to application o f 10 mM SNAP was 72±9% (n=6, rage 62 to 100%).

3.11.3.
currents

SNAP-induced current is mediated by alterations of neuronal potassium

Decreasing the extracellular potassium from 5.9mM to 2.5mM increased the amplitude o f
the maximum inward current shift at 0 mV from -277117.8 pA to 10 mM SNAP in control (5.9
mM extracellular potassium concentration, n=3, range -242 to -300 pA) to -39415.0 pA in 2.5
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mM extracellular potassium (n=3, range -384 to -400 pA). Conversely, increasing the
potassium concentration to IOmM decreased the inward current shift to -168±21.1 pA (n=3,
range -143 to -210 pA).

Addition of the non-selective potassium channel blocker, cesium

(5mM), to the superfusing Krebs’ solution abolished the SNAP-induced current shift (P<0.05,
Figure 3-36Ba).

This indicated that the SNAP-induced inward current was mediated via

inhibition o f neuronal potassium conductance(s).
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Figure 3-36. The SNAP-induced inward current shift is attenuated by reduced hemoglobin and prevented by
pretreatment with cesium
(* significantly different from control; p < 0.05).
Aa
Concentration-response curve for the inward current shift induced by SNAP
(VH=-30mV) in the presence and absence o f reduced hemoglobin 20(iM.
Responses are normalised to the inward current shift produced in response to
IOmM SNAP under control conditions ( n = 5).
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Ab

Ba
Bb

Responses are normalised to the inward current shift produced in response to
IOmM SNAP under control conditions ( n = 5).
Traces illustrating the inward current shift (VH= -30mV) induced by cloudburst
application o f SNAP (upper trace). After 10 mins superfusion with the NOscavenger reduced hemoglobin (20 jiM), the inward current response to SNAP is
abolished (lower trace).
The inward current shift induced by IOmM SNAP was abolished by prior
exposure to 5mM cesium in the extracellular solution (n = 6).
The inward current shift induced by cloudburst application o f SNAP (V H = 30mV) was abolished when K* was replaced by Cs* as the intracellular ion
carrier.

The ability o f SNAP to alter neuronal potassium conductances was confirmed in another
series o f experiments where cesium was substituted for potassium as the intracellular ion carrier.
The SNAP-induced inward current shift was produced while recording with a KC1 electrode.
The cell was allowed to recover, men Cs-gluconate was exchanged for KC1 in the patch pipette.
The electrode was allowed to settle (10-30min) before the response to SNAP was re-tested.
Replacement o f K.C1 with Cs-gluconate prevented the inward current shift to SNAP in 6/6
neurons tested (P<0.05, Figure 3-36Bb).

3.11.4. Characterization of SNAP effects on voltage-dependent potassium currents

To determine the ionic currents involved in the SNAP-induced inward current shift, the
effects o f SNAP were studied under both current- and voltage-clamp conditions.

3.11.4.1. SNAP does not affect the M-current
Cells were voltage clamped at -30mV then step hyperpolarized by increments o f lOmV for
a duration o f 2.3s every 2-18s until a final voltage o f -llO m V was reached.

These step

hyperpolarizations and depolarizations back to the holding potential produced the inward- and
outward-going current relaxations characteristic o f the M-current (Cassell et al., 1986a; Chiang

129

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

relaxation associated with Im (Figure 3-37). Measurement o f Im from -30 to -40mV (this voltage
step induced the maximum Im amplitude in our experimental protocol) indicated that in the
presence o f SNAP, Im was not significantly different from control values (Control=80.5 ± 8.1pA,
range 25.1 to 99.3 pA; SNAP=77.9 ± 10.4. range 20.0 to 103.2 pA; p>0.05; n=6). In contrast,
however, addition o f a potassium channel blocker, 2mM barium, to the superfusing Krebs’
solution reduced the inward current relaxation from 62.6 ± 9.9pA to 25.7 ± 4.2pA (P<0.05; n=4)
confirming the inward current relaxation as Im (Figure 3-23).

Control

Control

SNAP (10 mM)

O.tO

-40 mV

-40 mV

-100

fnA)
-90

•80

•70

-60

-50

-O.IO
SNAP

-40 mV

-0.30
-100 mV

Figure 3- 37. SN A P did not affect IM show n in one CG cell.
The V-I curve o f the IMo f control (K reb's) is the sam e as in present o f SNA P.

3.11.4.2. SNAP does not affect the A -current

SNAP does not affect the A-current (IA) since cloudburst applications o f SNAP (0.1lOmM) in cells voltage clamped between -30 and OmV induced large inward current shifts (see
Figure 3-34); under these conditions IA would be inactivated. In addition, substitution o f Cs* for
K* as the ion carrier in the patch pipette completely abolished the SNAP-induced inward current
shift; [Cs*]j does not block IA (Hille, 1992a).
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3.11.4.3. SNAP decreases the after hyperpolarization
The effect o f SNAP was tested on the calcium-dependent after-hyperpolarization following
action potential generation. Without attempting to separate the three types o f calcium activated
potassium currents, the

Iahp

was investigated by using a ramp protocol. The ramp protocol would

not discriminate the x.

Neurons were clamped at -50mV and action potential firing was induced by injection o f
direct depolarizing current. SNAP was then applied for a sufficient period to evoke a steady
state membrane depolarization; current was injected to return the holding potential to -50mV
before action potentials were induced as before. SNAP (10 mM) decreased both the amplitude
and the duration o f the after-spike hyperpolarization (Figure 3-3 8A). Since the number o f action
potentials that are fired in response to a depolarizing stimulus varied from neuron to neuron,
measurements on the amplitude and duration o f the after-spike hyperpolarization were made
between two arbitrarily chosen action potentials, in this instance the 5th and 6th action potentials.
Since the action potentials did not always undershoot -50 mV. the potential at which the neuron
was clamped, the amplitude o f the spike repolarization was measured from the peak o f the action
potential to the point at which it began to depolarize. In the presence o f SNAP (10 mM) the
amplitude o f this action potential repolarization decreased by an average o f 23% from 96±6 mV
(range 76 to 100 mV) to 75±11 mV (range 57 to 98 mV; n=5. Figure 3-39A), an effect known to
be mediated, at least in part, by BK, charybdotoxin sensitive potassium channels (Sah &
McLachlan, 1992). At the same time, SNAP (10 mM) decreased the interspike interval by an
average o f 7% from 61.8±12.8 ms (range 41 to 69 ms) to 56.4±10.9 ms (range 38 to 63 ms, n=6.
Figure 3-38B and Figure 3-39B).
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Figure 3- 1. SNAP reduces the after-hyperpolarization currents.
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(* significantly different from control; p < 0.05).
Perfusion o f SNAP (IOmM) reduced the duration and amplitude o f the after
hyperpolarization following bursts o f action potential firing. Prior exposure to
apamin (lOOnM) abolished this after-burst hyperpolarization identifying it as the
intermediate after-hyperpolarization current (data not shown). The depolarization
observed following SNAP application was offset by injection o f DC current
necessary to return the holding voltage to the control value (-50mV). Control =
black trace; SNAP = gray trace.
Expanded trace from (A). Perfusion o f SNAP (lOnM ) reduced the amplitude o f
the hyperpolarization following individual action potentials, an effect mediated by
charybdotoxin-sensitive BK channels, as well as reducing the inter-spike interval,
an effect mediated by apamin-sensitive SK channels. Control = black trace; SNAP
= gray trace.
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C

Prior exposure to TEA (5mM) reduced but did not abolish the inward current shift
induced by SNAP (IOmM; n = 7). The magnitude o f this reduction in the SNAPinduced current shift by TEA was similar to that in the presence o f charybdotoxin
(lOnM; n = 7).
Prior exposure to apamin (lOOnM) reduced but did not abolish the inward current
shift induced by SNAP (IOmM; n = 5). A combination o f apamin (lOOnM) and
TEA (5mM ) was required to completely abolish the SNAP-induced inward current
shift (n = 4).
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Figure 3- 39. SNAP reduced the amplitude o f spike o f action potential and the
interspike interval o f CG neurons.
(P<0.05)

In 20/20 neurons SNAP reduced the time constant o f the after-hyperpolarization from
365.4 ± 39.7ms (range 176 to 650 ms) in control to 253.6 ± 32.9ms (range 70 to 554 ms) in
IOmM SNAP (p<0.05; Figure 3-38B, Figure 3-39C). Conversely, in only 11 o f these neurons
SNAP (IOmM) reduced the amplitude o f the after-burst after-hyperpolarization from
10.7±0.9mV (range 6.7 to 17.1 mV) to 8.0±0.8mV (range 3.4 to 13.6 mV, p<0.05). Application
of apamin (lOOnM; n=5) abolished the after-hyperpolarization following trains o f action
potentials (after-burst hyperpolarization, Figure 3-30) identifying this as the intermediate Iahp
(Vanner et al., 1993). Apamin is a specific blocker o f a SK with no significant effect on either
the fast calcium-dependent potassium currents or other outward potassium currents (Blatz &
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M aglcby, 1986).

In 9/9 neurons, however, apamin (lOOnM) reduced, but did not abolish, the maximal
inward current shift induced by SNAP (IOmM) in the ramp protocol (Figure 3-38C). Perfusion
with the calcium-dependent potassium channel (BK) antagonist, charybdotoxin (lOnM; n=7).
antagonized the SNAP-induced inward current shift to the same extent as TEA (5mM; n=7;
Figure 3-38C). These data thus suggest that the inward current shift induced by SNAP was via
inhibition of both the IK apamin-sensitivc after-hyperpolarization and the TEA- and
charybdotoxin-scnsitivc BK after-hyperpolarization. In fact, pretreatment with a combination of
apamin and TEA abolished completely the SNAP-induced inward current shift (n=4; Figure 3380).

In current clamp step protocol, SNAP decreased the amplitude o f I a h p from 448.0±45.6 pA
to 3 18.0±63.5 pA (n*»5. P<0.05. Figure 3-40). SNAP plus Ba** or Co** further reduced the I ahp
(Figure 3-40).
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Figure 3 - 4 0 . SNAP decreased IAiip.
A. In one CG cell, the reduction o f I A h p induced bv SNAP (10 mM) was inhibited by
Ba” (2 mM).
B.B. In another cell. Co” (2 mM) blocked the effect o f SNAP.
C. C. Summary o f the effect o f SNAP on IAMp.
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3.11.4.4. SNAP-induced outward current shift
The addition of the non-selective voltage-dependent calcium channel blocker, cobalt
(2mM), to the superfusing Krebs’ solution was expected to mimic the response seen with TEA
and apamin but. instead, in 26/26 neurons to which cobalt was applied, the application of SNAP
resulted in the induction of an outward current shift (Figure 3-41 A), in the presence o f Co**, at 0
mV, the amplitude o f the outward current shift was 211 ± 40pA (range 62 to 558 pA, n=26).
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Figure 3- 4 t. In the presence o f cobalt, SNAP induces an outward current
shift that ta mediated by NO sad gK.
t
In the presence o f extracellular cobalt (2mM), cloudburst application o f SNAP induced an
outward current shift (VH- -30mV).
I
The outward current shift to SNAP (IOmM) was voltage-sensitive and abolished by
perfusion o f extracellular cesium (SmM: n - 3). (* significantly different from control; p <
0.05).
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C

The outward cirrer* shift to SNAP (IOmM) in the presence of cobalt was abolished by
prior exposure to reduced hemoglobin (20pM; n =5).

This SNAP-induced outward current was abolished by addition of Cs* (5mM) to the
su p e rfu sin g

Krebs’ solution (Figure 3-4IB) or by prior exposure to reduced hemoglobin (20 pM;

F ig u re 3 -4 1C).
c o b a lt

This implied that the outward current shift induced by SNA? in the presence of

wus mediated via NO-rclcasc acting to alter neuronal potassium conductances (gK's).

Ilcncc, the outward SNAP-induced current shift is present in cobalt-containing Krebs’
so lu tio n s,
at

that is to say, when

I ahp

ore not present. Such an outward current shift is still present

holding potentials between -30 and OmV ruling out involvement of IA. Possible neuronal

p o tn ssiu m
b lo ck ed

conductances that SNAP could be activating to increase outward current and that are

by TEA but not by cobalt include the delayed rectifier (Ik v ) and ATP-sensitive

p o tassiu m

currents ( I k a t p : Hillc. 1992).

3.11.4.5. SNAP increases the delayed rectifier current
The Ikv was studied in the presence o f tctrodotoxin (lOOnM) and cobalt (ImM) to prevent
ihc c o n ta m in a tio n

of In« and I a i i p .

In 8/8 neurons with ramp protocol. SNAP increased the delayed rectifier current (Figure 342A ) by

22.4±3.8% (222 ± 5lpA. range 53 to 495 pA), a value similar to the SNAP-induced

o u tw ard

current shift (211± 40pA). This SNAP-induccd increase in the delayed rectifier current

w as

partially attenuated by prior exposure to 4-AP at concentrations suggested to be selective for

th e

potassium delayed rectifier in other sympathetic neurons (ImM; Marsh & Brown, 1991). In

th e

presence of 4-AP. the SNAP-induced increase in the delayed rectifier was reduced by
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approximately 75% (to 45±14pA; range 7 to 64 pA, n = 3).
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Figure 3- 42. SNAP activates the delayed rectifier current.
A
SNAP ( lOmM) increased the outward delayed rectifier current. The stimulus
artifact has been removed.
B
In the absence o f cobalt, the inward current shift induced by SNAP ( lOmM)
was increased in the presence o f 4-AP (Im M ). The outward current induced
by SNAP (lOmM) in the presence o f cobalt was reduced by prior exposure to
4-AP (Im M ). The amplitude o f the 4-AP-induced increase in the inward
current shift was sim ilar in magnitude to the 4-AP-induced reduction in the
outward current shift.
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The outward current shift induced by SNAP in the presence o f I mM extracellular cobalt
w as

reduced by 4-AP in 7/7 neurons with the ramp protocol. Operating on the assumption that

the inward current shift and the outward current opposed each other, therefore, whether blockade
lit' the outward current with 4-AP would increase the magnitude o f the inward current shift was
investigated.

In 3 neurons the response to SNAP was tested in the presence and absence of 4-AP

both w ith and
increased

without extracellular cobalt. The SNAP-induced inward current shift at 0 mV was

in the presence o f 4-AP by 148±18pA (range 121 to 183 pA) suggesting that the

magnitude of the inward current shift was attenuated by the activation o f a 4-AP-sensitive
outward current. This is further corroborated by the fact that the size o f the increase in the
a m p litu d e

of the inward current produced by 4-AP is similar to the size of the reduction in

a m p litu d e

of the outward current produced by the same concentration of 4-AP (95 ± 16pA at

tim V ;

Figure 3-42B).

The

effect of SNAP was also examined using the step protocol designed to evoke I k v

( V h o id

•50 mV and depolarize to +20 mV in 10 mV increments. See section 2.6.2.3.). In the presence of
SNAP,

the amplitude of I k v o f one phasic neuron and one tonic neuron increased by 400 pA and

700 p A

at +20 mV. respectively. At any given voltage positive to -10 mV, the amplitude o f Ikv

wits

larger in tonic neurons than in phasic neurons (Figure 3-43A). When 4-AP was applied

together with SNAP, the SNAP-induced effect on I k v was inhibited (Figure 3-43B), although the
shapes of the V-I curves were unchanged. The amount o f current reduction by 4-AP is of
proxitmtcly the some as the amount of current election by SNAP. In other words, the amount of
current produced by SNAP is similar to the amount current inhibited by 4-AP. Further applying
TKA (5 mM). the

Ik v

was largely inhibited (Figure 3-28). Unlike the effect on the amplitude of

the Ikv current. SNAP did not change the -r o f the tail current (Figure 3-43C).

138

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

4000

4000

3500
Icontrol
SNAP
| • phasic *

3000

1000

2500 _
*

2000

^

10

20

P*UM

50

I 30

1000

1000

500

500

20

0
0

00

I control
SNAP F*M U
I
« phatw a
|
,
tonic ,
i

. 40

1500 ~

4 0 -50 >40 .3 0 -20 4 0

c.

3500
SNAP 4-AP+SNAP

4 0 -SO -40 -30 -20 -10 0
a<mV)

*<mV)

10

10 20
,<m V )

Figure 3- 43. Ikv recorded in voltage protocol.
A.
SNAP increased the amplitude o f IKv at +20 mV in phasic neurons and in one tonic
neuron.
B.
B. SNAP (10 mM) increased IKv. 4-AP (1 mM) inhibited the effect o f SNAP and
decreased the Ikv in one cell.
C.
C. SNAP did not have effect on the t o f tail current o f IKv-

3.11.5. Summary

The pharmacological study o f a NO-generating compound, SNAP, conducted in CG
neurons indicated that NO had an inhibitory effect on the AHP and IAhp, and an accelerating
effect on the

I kv-

The overall effect o f SNAP seen in this study was to increase firing spikes.
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4. DISCUSSION
This study is the first direct investigation o f prevertebral sympathetic neurons that project
to guinea-pig mesenteric vasculature. The study demonstrates that components o f functionspecific pathways exist in prevertebral ganglia. Thus, neurons that innervate arteries are distinct
from neurons that innervate veins, with respect to their location within the IMG, cross-sectional
area o f somata, neurochemical phenotype and electrophysiological characteristics. This study is
also the first electrophysiological analysis o f dissociated IMG neurons. The characteristics o f
IMG neurons are compared to those previously reported for neurons in CG, a prevertebral
ganglion, innervating more rostral located abdominal targets. These experiments also
investigated the effects o f the NO on cultured CG neurons in order to understand the primary
sensory sympathetic integration and their contribution to the function-specific pathways.
This study demonstrates that IMG neurons that project to mesenteric blood vessels can be
distinguished from nonvascular neurons. Not only are vascular neurons different from
nonvascular neurons, but neurons that innervate arteries are different from neurons that innervate
veins. 1) Their location: arterial neurons are located medial while venous neurons reside
peripherally in the IMG. 2) Their size: nonvascular neurons are larger than vascular neurons and
venous neurons are larger than arterial neurons. 3) Their NPY content: 18% o f arterial neurons
contains NPY while venous neurons do not contain NPY. 4) Their firing properties: vascular
neurons are all tonic neurons whereas nonvascular neurons are both phasic and tonic neurons. 5)
Several potassium currents: a larger proportion o f arterial neurons display inward rectification
than venous and nonvascular neurons. Both arterial and venous neurons have higher incidence of
U than nonvascular neurons. 6) Primary sensory innervation: vascular neurons receive less
primary sensory innervation than nonvascular neurons. Primary sensory CGRP-containing fibers
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are denser around arterial neurons, NOS-containing fibers are denser around venous neurons and
are solely from a primary sensory source. 7) A NO donor, SNAP, exerts an excitatory effect on
dissociated CG neurons by inhibiting

Iah p

and facilitating

Ikv

in dissociated CG neurons.

These findings substantiate the idea that the arterial and venous neurons in IMG are
organized in separate function-specific pathways. The primary sensory neurotransmitter, NO,
might preferentially affect venous neurons rather than arterial neurons in the sympatheticsensory integration.

4.1. The localization o f neurons is a phenotype o f the function-specific pathways
There is viscerotopic localization o f neurons in IMG, in which neurons that innervate IMA
and IMY are separate subpopulations o f neurons. IMA and IMV are not innervated by the same
neurons. No neuron was found to contain both tracers when two different tracers were placed
into the mesenteric artery and vein, which indicates that the segments o f IMA and IMV are
innervated by independent, non-overlapping subpopulations o f neurons which are localized in
different areas o f the IMG.

Such a non-overlapping viscerotopic localization o f arterial and

venous neurons in medial and peripheral regions o f the IMG demonstrates that IMG neurons
form functional groups.
Function-specific pathways can be seen at different levels. At the level o f the ganglia, the
different ganglia that innervate the organs are anatomically correlated with the locations o f the
organs. For example, the stellate ganglion innervates the heart, CG innervates the small intestine
and liver, SMG innervates kidney, and IMG innervates rectum and pelvic organs (Skok, 1998).
Therefore, the neuronal control o f the organs can be considered to have a viscerotopic
distribution. Within a ganglion, neurons are located in relation to the synaptic input they receive
as well as the target tissue they innervate. For example, prevertebral and pelvic ganglion neurons
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are localized primarily in the portion o f the ganglion where the presynaptic nerves enter the
ganglion (Kreulen & Szurszewski, 1979a; Meckler & McLachlan, 1988; Tabatabai et al., 1986;
Keast, 1995). The anatomical organization o f ganglion neurons in relation to efferent
connections has also been demonstrated in sympathetic ganglia. The neurons that send their
axons out to a particular nerve fiber tend to localize near the point where that nerve fiber leaves
the ganglion (Bowers & Zigmond, 1981; Keast & de Groat, 1989) (Kreulen & Szurszewski,
unpublished observations). Likewise, paravertebral sympathetic neurons innervating the
vasculature o f the rat hindlimb where arterial and venous neurons, although randomly distributed
within ganglia, are anatomically distinct (Dehal et al., 1992).
The location o f neurons depends upon their unique function, which is also supported by the
neurochemical phenotype and electrophysiological properties o f the neurons that are associated
with certain functions o f prevertebral neurons. It has been postulated that guinea-pig CG phasic
neurons that innervate the vasculature o f the gastrointestinal tract, locate in the center, and are
the only neurons that contain NPY-IR (McLachlan & Llewellyn-Smith, 1986).
In this study, not all the vascular neurons were located in the central region o f the IMG
Arterial neurons favored the center and venous neurons appeared scattered in the peripheral
region o f the ganglia. The location o f arterial and venous neurons in separate regions o f the IMG
suggests the possibility that they receive distinct innervation and synaptic input, activate in
different patterns, and project to and regulate arteries or veins accordingly. Studies are rare,
however, with respect to direct sympathetic function-specific pathways.
It needs to be declared that the quantity o f vascular neurons in this study is most likely
underestimated. It is known that mouse CG or SMG consists o f 25000 neurons (Gabella, 1976).
There are not many investigators (if any), however, who have tried to estimate the number o f
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neurons in guinea-pig IMG or CG. Nor have they estimated the number or percentage o f neurons
subserving a particular function, i.e. arterial constriction. If we assume that in the guinea-pig
IMG approximately 80% o f neurons recorded are excitable (Crowcroft & Szurszewski, 1971)
and 20% o f those neurons are vasomotor neurons (McLachlan & Llewellyn-Smith, 1986), an
estimate calculation would be there might be thousands o f vascular neurons in IMG. In this
study, an average of 10 neurons per ganglion was labeled with retrograde tracer. However, it
should not be assumed that this represents the total number o f IMG neurons involved in
regulation o f the mesenteric artery or vein. A gross underestimation o f the vascular neuronal
population would not be surprising given the experimental design which required the excision
and filling with retrograde tracer o f only a small length o f mesenteric blood vessel.
Indeed, the number o f neurons labeled in this study validates the specificity o f the
experimental design. By injecting the retrograde tracers directly into the lumen o f the IMA and
IMV, the tracers do not come into contact with, hence are not taken up by, nonvascular nerve
fibers running alongside the blood vessels. Had the fibers o f passage or nerve terminals been
damaged during the surgical procedures, the numbers o f labeled neurons would have been much
greater. When retrograde tracers are allowed to come in contact with the nonvascular nerves in
the experimental controls, many IMG neurons and non-neuronal cells throughout the lobes o f the
IMG are labeled. Most o f the labeled neurons under this condition are not the one projecting to
IMA or IMV, because non-terminal portions o f sympathetic NE-containing axons to superior
mesenteric artery, submucous arteries, myenteric and submucous plexuses lie together in nerve
bundles beside the mesenteric arteries in mammals (Hill et al., 1987).
Nevertheless there were more arterial and venous neurons filled with retrograde tracers in
capsaicin treated group. Studies have shown that noradrenergic neurons are predetermined but
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can be altered to acquire cholinergic function with trophic factors produced by non-neuronal
cells, for example, in rat sweat glands (Landis, 1990).
A change in the availability o f trophic factors might be one o f the interpretations that
explain why the number o f arterial and venous neurons is increased in capsaicin treated
preparations. NGF, one o f the trophic factors, is known to be a crucial factor for both sensory
and sympathetic nerve development. Sensory and sympathetic nerves compete for NGF. CGRP
containing sensory fibers will hyperinnervate cardiovascular, urogenital tract and sympathetic
ganglia after chronic guanethedine-induced sympathectomy in the rat (Aberdeen et al., 1990).
Sympathectomy or a decrease in catecholamine concentration will increase the production o f
NGF, and the lower NGF in normally innervate tissue would keep the sympathetic nerve from
over growing (Aberdeen et al., 1990). Primary sensory nerve toxin, capsaicin, destroys the
perikarya o f primary sensory peptidergic neurons by blocking NGF retrograde axonal transport
(Otten et al., 1983), thereby jeopardizing sensory nerve growth. Capsaicin eliminates the primary
sensory fibers around mesenteric vessels which is indicated by a reduction in SP-IR and NOS-IR
around blood vessels and an inhibition o f nerve-mediated vasodilatory responses in mesenteric
artery (Zheng et al., 1997). Other nerve populations, such as sympathetic nerves, could possibly
utilize the NGF left from the vessel bed, which in turn would induce more sprouting and permit
the fibers to overtake the now-vacated areas around the blood vessels (i.e. the space that used to
be innervated by primary sensory nerves). This would result in greater tracer uptake by
sympathetic nerves. Therefore, the amount o f tracer transported back to the soma is increased
and the tracer intensity is increased, thus neurons that are under the minimum level o f detection
(such as in control group) are more easily able to be visualized. This supposition could be
supported by the observaton that NPY-IR is only relatively decreased in co-localization w ith

144

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

arterial neurons.
4.2. Size o f vascular neurons is a marker offunction-specific pathways
Size difference is another piece o f evidence that the arterial and venous neurons are in a
separate group; the morphology-fimction relationship parallels other parts o f nervous system. In
this study, the different soma sizes represent different groups o f neurons which thus might
represent function-specific pathways. The cross-sectional area o f arterial neurons is significantly
smaller than venous neurons which, in turn, are smaller than unlabeled neurons.

Such

differences in size have been reported for other types o f sympathetic neurons when classified by
neurochemical or electrophysiological properties or by their target tissue. For example, tyrosine
hydroxylase (TH) positive neurons o f the male rat major pelvic ganglion are larger than those o f
neurons containing NPY-, VIP- or enkephalin-IR (ENK) (Keast & de Groat, 1989). In mouse
SCG, the NPY-positive neurons are smaller than NPY-negative neurons, and neurons projecting
to cutaneous blood vessels are smaller than those projecting to salivary glands or piloerector
muscles (Gibbins, 1991). When classified electrophysiologically, phasic sympathetic neurons o f
the guinea-pig are found to be smaller than tonic or LAH neurons (Boyd et al., 1996). Therefore,
it has been postulated that phasic neurons are vasomotor neurons and NPY-positive, while tonic
neurons are visceral neurons and NPY-negative (McLachlan & Llewellyn-Smith, 1986).
Although those findings are not direct evidence, they do correlate well theoretically and support
the concept o f function-specific pathways o f the sympathetic system.
Arterial neurons are the smallest. Although not all the arterial neurons contain NPY-IR, this
is still in agreement with previous finding that NPY-positive neurons are vasomotor neurons and
smaller. In spite o f the fact that the size-function or size-neurotransmitter relationship is not
known, size is a phenotype in function-specific pathway and might be able to predict function o f
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neurons.
4.3.

NPY-IR is not a fu ll marker in the function-specific pathways o f mesenteric

vasculature
The neurochemical phenotype o f prevertebral neurons is an important characteristic that
differentiates neurons from one another. It is generally accepted that NPY-IR is a marker of
vasomotor neurons. Early studies in guinea pig CG-SMG suggested that neurons identified as
innervating intramural blood vessels in the intestine are unique both in their localization within
the medial regions o f the CG and in their predominate content o f NPY (Macrae et al., 1986). In
the CG the proportion o f NPY-IR neurons is 50% and this corresponds closely with the
presumed proportion o f phasic neurons that subserve vasoconstriction (McLachlan & LlewellynSmith, 1986). In 20% o f the neurons in the IMG, TH coexists with NPY (Parr & Sharkey, 1996),
and the same proportion o f neurons are phasic (McLachlan & Llewellyn-Smith, 1986).
Moreover, NPY-IR is present in sympathetic nerve terminals surrounding a variety o f blood
vessels (Gibbins et al., 1988), and NPY potentiates the vasoconstriction produced by NE
(Lundberg e t a l , 1982b).
It is possible that neurons that contain the same neurotransmitter locate together, receive
the same sources o f synaptic input, and function the same. In lumbar sympathetic ganglia, for
example, neurons immunoreactive for TH and NPY (TH/NPY) are aggregated into groups
separate from NPY-negative, TH-positive neurons (TH/-) (Gibbins, 1992). In addition, in the
major pelvic ganglia o f male rats, TH/- neurons are found in aggregates close to the hypogastric
nerve while neurons immunoreactive for ENK are preferentially located in the dorsal area o f the
ganglion, close to the pelvic nerve (Keast & de Groat, 1989; Keast, 1995).
In this study, the same proportion o f acute and unlabeled neurons in intact IM G contained
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NPY-IR; therefore, I expected that arterial and venous neurons were NPY-positive. Instead,
NPY-IR neurons are found only in a small proportion (18%) o f arterial and not in any o f the
venous neurons. This suggests that NPY-IR is not a full marker o f vascular neurons. In fact, the
different distribution o f NPY-IR in arterial and venous neurons has been seen in rat paravertebral
ganglia. NPY is preferentially contained in arterial neurons (94%) compared to venous neurons
(17%), which are retrogradely labeled by placing tracers on blood vessels o f rat hindlimb (Dehal
e t a l , 1992).
Another question arises, therefore, as to whether the proportion o f vascular neurons
immunoreactive for NPY has been underestimated in my study.

Such miscalculations are

unlikely to arise from technical limitations o f the anti-NPY antibody since the overall proportion
of NPY-IR in acutely fixed IMG is consistent from ganglion to ganglion and corresponded well
with previously published reports in freshly-fixed ganglia (McLachlan & Llewellyn-Smith,
1986; Sann et al., 1995; Parr & Sharkey, 1996). Similarly, the proportions o f NPY-IR as well as
TH neurons are not different in ganglia after organ culture (Keast & de Groat, 1989; Gibbins,
1992; Appenzeller, 1982), although the VIP-IR expression in somata is increased (Keast & de
Groat, 1989). From the developmental point o f view, target influences on NPY-IR in
sympathetic neurons does exist. The percentage o f cells that contain NPY-IR increases in
cultured CG neurons in conditioned medium (58±11%) but in controls (18±6%) is similar to
intact ganglia (Matsumoto et al., 1993).
The absence o f NPY-IR in cell bodies o f venous neurons raises the question o f whether
NPY-IR can be demonstrated in fibers around mesenteric veins. In guinea-pig, NPY-IR fibers
surround the saphenous vein (Morris et a l, 1986), certain cutaneous veins (Morris, 1995) as well
as the external jugular, the thoracic inferior caval and abdominal inferior caval vein (Gibbins et
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al., 1988). NPY-IR has additionally been demonstrated to surround mesenteric veins o f the rat
(Scott et al., 1989) but not o f the guinea-pig (Gibbins et al., 1988), nor does it appear to mediate
venous constriction as it does arterial constriction (Lundberg et al., 1982b; Westfall et al., 1996;
Dehal et a l , 1992). NPY may have little or no role in sympathetic control o f veins, which makes
sense o f the absence o f NPY-IR in venous neurons. NPY-IR fibers are absent from venous vessel
beds, and NPY does not affect the venocontractility. The anatomical, neurochemical and
functional evidence, although indirect, are consistent with the idea that lower nerve frequencies
are sufficient for the venoconstriction, because it is mediated by NE only. Arterial constriction
on the other hand, requires higher frequencies because it is mediated in part by both NE and
NPY (Karim & Hainsworth, 1976; Hottenstein & Kreulen, 1987).
The presence o f NPY-IR cannot, therefore, be taken as a characteristic feature o f
vasoconstrictor neurons (Morris et a l, 1986; Gibbins & Morris, 1990; Gibbins, 1991; Gibbins,
1992). The fact that not 100% o f arterial neurons and none o f venous neurons contain NPY-IR
implies a complexity of the neurochemical phenotype o f vascular neurons. In addition, the
relatively low proportion o f arterial neurons containing NPY-IR suggests that the remaining
majority o f arterial neurons and venous neurons might have non-NPY-IR neurochemical
phenotypes. The neuropeptide, if any, contained in other arterial neurons and in the venous
neurons is not known from this study, further study is needed to clarify those neurochemical
phenotypes.

4.4. Primary sensory fibers preferentially innervate arterial or venous neurons
This is the first study that compares the density o f primary sensory fibers that innervate
vascular and nonvascular neurons. Capacitance (venous) and resistance (arterial) sides o f the
circulation, especially in the splanchnic circulation, can be activated separately and show
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different sensitivities to nerve activation whether it is evoked directly or via reflex (Hottenstein
& Kreuien, 1987). O f particular interest in this study is the difference in the innervation patterns
o f arterial and venous neurons, and it is reasonable to inquire whether they would receive a
unique innervation that would provide a means for their separate activation.
Sensory nerves provide some o f the important synaptic inputs to artery and vein neurons in
prevertebral ganglia (K eef & Kreulen, 1990; Keef & Kreulen, 1988; Kreulen & Peters, 1986;
Dalsgaard et al., 1983; Baron et al., 1985; Elfvin et al., 1993) possibly contributing to the
physiological separation o f venoconstriction from arterial constriction. The manner in which
these synaptic inputs govern the neural control o f resistance and capacitance will depend upon
where this input comes from and the particular neurotransmitter released at the terminals o f the
sensory nerves in the ganglia.
The different sensory synaptic input carried out by the variety o f neurotransmitters that in
addition provide a basis for function-specific outflow to the vasculature, thus to separate the
regulation o f vascular capacitance from resistance. It has been demonstrated that neuronal NOS
and CGRP are colocalized with SP in DRG neurons (Callsen-Cencic & Mense, 1997; Heym et
al., 1995; Zheng et al., 1997) and in primary sensory nerve fibers (Papka et al., 1995; Gibbins et
al., 1987; Zheng et al., 1997). CGRP- and NOS-IR are also contained in fibers which arise from
intestinofugal neurons located in the myenteric plexus o f the intestine (Elfvin et al., 1993), NOSIR is moreover from sympathetic preganglionic neurons (Furness & Anderson, 1994; Anderson
etal., 1995).
Physiological stimuli can activate the efferent as well as primary sensory fibers to release
neurotransmitters, which convey sympathetic and sensory information to prevertebral ganglia
(Kreulen & Peters, 1986; Ma & Szurszewski, 1996). By participating in the process o f the
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integration o f signals, sensory neurotransmitters modulate the excitability o f sympathetic
neurons and thereby affect the neural control o f the viscera as well as the vasculature. I examined
immunoreactivity o f these neurotransmitters in combination with capsaicin treatment, as a means
to identify sensory fibers (Peters & Kreulen, 1984; Gamse et al., 1981).
I found that primary sensory fibers containing neurotransmitter did not evenly distributed
to the arterial, venous neurons and nonvascular neurons: CGRP-IR fibers being denser around
arterial neurons and NOS-IR fibers being denser around venous neurons. The complete
elimination by capsaicin o f NOS-IR fibers around venous neurons proves that, unlike arterial and
unlabeled neurons, these neurons receive nitrergic input from primary sensory neurons only. The
primary sensory origin o f the fibers is confirmed by the profound reduction o f immunoreactivity
with capsaicin-treatment. The SP-IR fibers in IMG are solely of primary sensory origin but not
NO- and CGRP-IR fibers. The extra-primary sensory origin o f the NOS- and CGRP-IR fibers is
evident in this study because there is substantial residual CGRP and NOS immunoreactivity in
the ganglion after capsaicin-treatment.
As a neurotransmitter, NO has a complex effect on potassium currents in prevertebral
neurons. In mouse prevertebral ganglia, NO hyperpolarizes the membrane and reduces the late
slow excitatory postsynaptic potential (Mazet et al., 1996). Although CGRP is released from
sensory nerves in response to colon distension (Ma & Szurszewski, 1996), it has no apparent
effect on ganglionic transmission when applied in vitro (Amann et al., 1988b). Although
prevertebral ganglia are the last station o f signal transduction, it is not simply information
distribution and relay points but rather they are complex neural networks where efferent and
sensory information are integrated. Therefore, these results might suggest that primary sensory
nerve activation have a greater impact on venous neurons through NO release than on arterial
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neurons through CGRP release. Thus, the venous neurons receive more excitatory synaptic input
or fine-tuning from primary sensory innervation than arterial neurons. However, the overall
physiological implications o f the different innervation pattern might be more complicated.

4.5. “ Tonicity” of vascular neurons
IMG neurons are classified as phasic and tonic neurons based upon their response to direct
somatic depolarization (Crowcroft & Szurszewski, 1971; Kreulen & Szurszewski, 1979a).
Previous studies have indicated that vasomotor and visceral neurons have different and distinct
firing patterns. Thus, phasic neurons are thought to be involved in vasoconstriction, since the
proportion o f phasic neurons correlated well with the proportion o f neurons that contain NPY-IR,
to which a vasoconstrictor role is previously ascribed (McLachlan & Llewellyn-Smith, 1986).
Nevertheless, SOM-positive neurons, which innervate viscera, are tonic neurons (9/9 in CG, 7/10
in IMG), and SOM-negative neurons are classified in all electrophysiological classes (Keast et
al., 1993).
This study, the first direct investigation o f electrophysiological properties o f arterial and
venous neurons, reveals that all vascular neurons, whether arterial or venous, are tonic. Thus, the
arterial and venous neurons are not differentiated with respect to firing patterns. It is unlikely that
the electrophysiological homogeneity o f vascular neurons is a product o f the organ culture
procedure, because phasic neurons are among the unlabeled population in which the ratio o f
phasic vs tonic neurons is the same as in acute neurons.
Preganglionic control o f the sympathetic neurons has an important impact on the
vasomotor and visceral firing patterns (King & Szurszewski, 1988). If a preganglionic input is
suprathreshold, phasic neurons will be firing few action potentials which will keep them
quiescent without output regardless o f the pattern o f presynaptic input, but tonic neurons are
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different that the output will be continuous in response to the stimulus (Szurszewski, 1981).
Although both arterial neurons and venous neurons are tonic neurons in this study, it is not
contradictory with the idea that arteries constrict at higher frequency than veins (Hottenstein &
Kreulen, 1987; Hainsworth et al., 1983c; Hainsworth & Karim, 1976; Auer et al., 1983). Tonic
neurons are able to sustain longer periods o f continuous firing and higher instantaneous
frequencies (Weems & Szurszewski, 1978). If we consider that over 90% o f synaptic input,
mainly the preganglionic input, to tonic neurons is subthreshold, the tonic neurons only fire after
the summation (Janig, 1988; Szurszewski, 1981). Thus, tonic neurons fire action potentials
continuously only when the summation is suprathreshold. When the summated presynaptic
stimuli drop off to the subthreshold, the action potentials o f tonic neurons might cease.
Therefore, tonic neurons do not necessarily constantly fire action potentials to cause
venoconstriction. In contrast, synaptic inputs or preganglionic input that usually reach
suprathreshold levels in phasic neurons might prove to be a constant modulation o f the visceral
activity.
On the other hand, venous neurons are expected to be phasic and/or LAH neurons and fire
action potentials intermittently at irregular but low frequencies. Evidently they are tonic as well.
If it is true that the presynaptic input sets the firing pattern, there must be some other factor(s)
that decode the presynaptic command for arterial and venous neurons respectively. For example,
there might be some distinct factors at the level o f membrane currents, or primary sensory
innervation, or nerve-vascular junction.
Electrophysiologically, all the potassium currents tested are present in arterial and venous
neurons. These vascular neurons differed from one another in that a higher proportion o f arterial
neurons than venous neurons displayed inward rectification. It needs to be emphasized that such
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differences cannot be accounted for by the time period o f organ culture, since the unlabeled
neurons underwent the same protocol o f retrograde tracing, organ culture, and then cell culture as
the labeled vascular neurons. Tonic firing CG neurons receive small, subthreshold fast as well as
slow excitatory synaptic inputs (McLachlan & Meckler, 1989). By closing upon depolarization,
inwardly rectifying potassium channels prolong membrane depolarizations and increase neuronal
excitability o f the cells (Freschi, 1983a; Cassell et al., 1986a). Mesenteric arteries require higher
frequencies o f nerve stimulation not only to induce the same degree o f norepinephrine-mediated
vasoconstriction as veins (Hottenstein & Kreulen, 1987), but also to induce the release o f nonnoradrenergic transmitters such as NPY, which play important additional roles in sympathetic
vasoconstriction (Lundberg et al., 1982b; Westfall et al., 1996). The presence o f inward
rectification may be o f significance in allowing arterial neurons to respond to depolarizing
synaptic inputs with a larger membrane depolarization, hence less synaptic depolarization will be
required to reach action potential threshold. If the synaptic inputs were the same to arterial and
venous neurons, a higher proportion o f inward rectification would favor arterial neurons to reach
suprathreshold and allow them to fire action potentials at these required higher frequencies o f
activation. The assumption might be tested by activating o f preganglionic fibers and recording at
the level o f arterial and venous smooth muscle.

4.6. Membrane currents
Since unlabeled neurons underwent the same treatment as labeled neurons, differences
between unlabeled tonic and vascular neurons might indicate that there are functional
specificities among the visceral and vascular neurons. Vascular neurons have the same Em but
significantly higher Rjn than nonvascular tonic neurons. The distribution o f Rj„ o f the unlabeled
neurons shows that majority o f them are low Rj„ neurons, whereas the Rj„ o f arterial or venous
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neurons have a peak distribution 2-3 fold higher than unlabeled neurons. The result could suggest
that vascular neurons have lower conductance than that o f nonvascular neurons, even vascular
neurons can not be excluded from the unlabeled neurons. If we consider that nonvascular
neurons have larger cross-sectional area hence bigger surface area and assume that the resistivity
is the same in all groups o f neurons, the higher

R jn

would mean that the amount o f sympathetic

current required to bring the vascular neurons to threshold is less than the amount needed for
nonvascular neurons.
implicate that the threshold o f vascular neurons is lower than that o f nonvascular neurons.
The incidence o f U is higher in arterial and venous neurons than in nonvascular neurons, which
supports the idea that the arterial and venous neurons are highly selected groups o f neuron in this
experimental procedure.

4.6.1. The differences between whole cell and sharp electrode intracellular recordings
Patch clamp and intracellular recordings are different approaches for electrophysiological
study. Rin and amplitude o f action potential are significantly higher in patch recording than in
intracellular recording. The lower conductance and smaller amplitude o f action potential
observed from intracellular recording are due to the additional nonspecific, microelectordeassociated leak conductance, a local electrode-associated membrane injury (Staley et al., 1992).
On the other hand, it is not unusual that amplitude o f a current is smaller in patch clamp
recording, for example, Im, which can be explained as the interior dialysis o f the patch electrode.
This is also the first time that the characteristics o f IMG neurons have been compared to
CG neurons in primary cell culture. Patch recording on dissociated IMG neurons has not been
studied. To have more insight in better understanding o f the specific neuronal control o f
mesenteric vasculature, I investigated the electrophysiological properties o f dissociated IMG
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neurons with patch clamp technique. Surprisingly, the incidence o f phasic neurons is lower in
dissociated than in intact IMG, 70% o f them is phasic and 30% o f them is tonic neurons.
Whereas the majority o f neurons (90%) are tonic and the minority (10%) are phasic using
intracellular recordings (Cassell et al., 1986a; King & Szurszewski, 1988; Boyd et al., 1996).
Such differences are also seen in CG neurons. There are three times more tonic neurons
than phasic in dissociated CG neurons (Coggan et al., 1994; Vanner et al., 1993). The ratio o f
phasic to tonic neurons reverses in this study, tonic neurons are twice as prevalent as phasic
neurons. It has been suggested that the incidence o f tonic neurons is reduced after the first week
in dissociated primary culture (Coggan et al., 1994). Previous studies were performed seven to
fourteen days in culture, whereas all the recordings in this study were carried out within the first
week after plating. This might suggest that the time length o f the cell culture affect the cell firing
patterns.
The Rj„ o f both IMG and CG neurons is greater than in intracellular recordings (Kreulen &
Szurszewski, 1979a; Cassell et al., 1986a; Vanner et al., 1993; Cassell & McLachlan, 1987b).
The fact that the amplitude o f Im and IA are smaller can be explained as patch pipette dialysis.
The occurrences o f Im and IA are less than in intracellular recordings, especially the IA is not seen
in all the tonic neurons in this study in either CG or IMG.

4.6.2. The differences between CG and IMG neurons
Guinea-pig CG and IMG neurons have similar types o f neurotransmitter and neuropeptide
contents. They are distinct, however, in the populations of neurons that NE colocal izes with or
without neuropeptides, 50% o f CG and 18% o f IMG neurons are NPY-positive. The Em and Rjn
o f IMG phasic and tonic neurons are the same as CG phasic and tonic neurons, and the incidence
o f firing patterns is 50% and 20% o f phasic neurons in CG and IMG respectively (McLachlan &
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Llewellyn-Smith, 1986; Keast et al., 1993).
There are some differences in this study from that previously reported. CG and IMG
neurons have same ratio o f phasic neurons to tonic neurons. IMG neurons have slightly more
depolarized Em. IMG phasic neurons have higher Rin and IMG tonic neurons have less Rjn than
CG neurons. The Im o f the CG and IMG phasic neurons are the same, the shape o f their V-I
curves are identical. CG neurons have larger amplitude and faster kinetics o f Im and slower
kinetics o f

Ikv,

higher incidence o f

Ia

and less occurrence o f inward rectification. These might

represent an electrophysiological phenotypic in the difference function-specific pathways o f the
two ganglia, although it has not been established as to how the currents relate to visceral or
vascular activity and if there are relationships between currents and neuropeptide contents.

4.6.3. The differences between phasic and tonic neurons
In respect to the firing patterns, prevertebral ganglia comprise different percentages of
neurons. Phasic neurons might serve function-specific pathways that are different from the
function-specific pathways that tonic neurons might attend. In this respect, the characteristics of
phasic and tonic neurons are also compared. There are certain differences as well as similarities
between phasic and tonic neurons in both CG and IMG. The two categories o f neurons have
equal incidence, the occurrences o f Im and inward rectification are similar in CG and IMG
neurons.
In CG neurons, the Em is significantly more negative in phasic versus tonic neurons and the
R in

Em,

of tonic neurons is significantly higher than that seen in phasic neurons. At the less negative
Ia

is inactivated in tonic neurons (Marsh & Brown, 1991), which suggests that

play the predominate role for maintaining the Em. The higher

R j„

Ikv

might

o f tonic neurons indicates that

there are fewer channels or less channels open at Em. This assumption might be supported by the
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fact that the incidence o f Im is less and the amplitude o f Im is smaller in tonic than in phasic
neurons.
Although the cross-sectional area o f tonic neurons is larger than that o f phasic neurons
(Boyd et al., 1996), it does not favor the idea that neurons with larger soma sizes would have
higher conductance. The higher

R j„

in tonic neurons than in previous studies might suggest that

the majority o f channels are not located in the soma. This assumption might be supported by the
soma-axon coupling theory, in which the axon and dendrites are taken into account with the
surface area o f the soma (Junge, 1981). In intact CG, the tonic neurons have larger soma crosssectional area, longer dendritic and axon length and larger dendritic diameter (Boyd et al., 1996).
The surface area o f tonic neurons therefore is much larger than phasic neurons, which may result
in the tonic neurons having lower

R j„ .

Phasic neurons also have higher amplitude and longer
tonic neurons have higher amplitude o f I a and
Ia h p

determine phasic firing pattern, while

Ia

Ikv-

and

t

of

Im

and

Ia h p-

Correspondingly,

Those differences support the fact that

I kv

Im

and

contribute to tonic firing pattern (Brown &

Adams, 1980; Marsh & Brown, 1991; Belluzzi eta l., 1985a).
Similar characteristics can also be seen in IMG neurons. The Em is similar between phasic
and tonic neurons. The occurrence o f phasic vs tonic neurons has a ratio o f 7:3. The higher ratio
o f phasic neurons was not expected, because phasic neurons are postulated to be vasomotor
neurons and the majority o f IMG neurons innervate visceral organs. In CG, the incidence o f
phasic neurons and their location, and percentage o f neurons containing NPY-IR correlated well
with the idea that phasic neurons are vasomotor neurons and innervate the vasculature o f the
gastrointestinal tract. It is also interesting that in IMG 20% o f the population are phasic neurons
and 20% o f IMG neurons are NPY-positive (McLachlan & Llewellyn-Smith, 1986). Vascular
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neurons are tonic neurons which is in conflict with previous postulation. If one considers that
phasic neurons would be visceral neurons, the higher ratio o f phasic neurons in IMG would
match previous anatomical studies suggesting that IMG project to visceral organs. The current
study provides direct evidence that there are vascular neurons in the IMG and that these neurons
possess a tonic firing pattern.
Iahp

are the currents that underlay the AHP.

Iahp

is larger in phasic than in tonic neurons in

both CG and IMG neurons in this study. The AHP has equal amplitude in both phasic and tonic
neurons. The higher amplitude o f

Iahp

o f phasic neurons is in controversy with previous studies

in IMG using intracellular recording (Cassell et al., 1986a). The higher amplitude o f
phasic neurons, however, matches its function for firing pattern. It is believed that

Im

Ia h p

and

in

Iah p

exert separate but additive effects on limiting repetitive firing in sympathetic and hippocampal
cells, they play a dual role. In fact, increase in repetitive firing is produced by cholinergic
agonists mainly by the inhibition o f I Ah p (Brown, 1988).
Ikv

has a compensatory effect to

Ia

in rat sympathetic neurons.

I kv

plays a role in cell

repolarization if the Em is less negative than -60 mV (Belluzzi et al., 1985b; Marsh & Brown,
1991). Therefore the

Ikv

is most likely to have a role on the repolarization o f IMG (Em -47 to -54

mV) and CG neurons (Em -41 to -49 mV). In my study, the V-I curves o f Ikv o f phasic and tonic
neurons intersect twice. The pattern is unlikely an artifact, since it is consistent in both CG and
IMG neurons even w ith 4-AP and/or SNAP treatment(s) (Figure 3-19, 3-28, and 3-43). The Im is
larger in phasic than in tonic neurons. Theoretically, the Im is activated in the voltage range
where the

Ikv

is also activated. If the

Im

is larger than

Ikv,

and if the amplitude o f I k v is the same

in both phasic and tonic neurons at Vh0id around -30 to -20 mV, the Im would be predominant at
this voltage range. Therefore there are larger outward currents in phasic than in tonic neurons. At
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voltage ranges positive to -20 mV, this factor is overwhelmed by
than in phasic neurons. Eventually the

Ikv

Ikv

and

I kv

is larger in tonic

becomes predominant and give rise to the shape o f the

V-1 curve that intersects twice. An alternative explanation could be that there are more

I kv

channels in tonic than phasic neurons. Given that this is a 4-AP insensitive phenomenon and that
Im

is not affected by 4-AP and is larger in phasic versus tonic neurons, it is very possible that

is responsible for forming the pattern o f the V-I curve. The difference in the inhibition o f
4-AP between tonic and phasic neurons might be due to the fact that
concentration-dependent, that is there is a larger

Ikv

Ikv

Ikv

Im

by

sensitivity to 4-AP is

in tonic neurons that requires more 4-AP to

antagonize to. There are two components o f t in tail current o f Ikv, the fast (10ms) and the slow
t

(1200ms) (Freschi, 1983b). The fast component is considered

TEA whereas the slow part is

Ia h p

Ikv

which can be abolished by

and is eliminated by Co**. I observed that the x o f the tail

current in IMG and CG neurons are faster than Freschi reported (Freschi, 1983b) except CG
phasic neurons (t= 46 ms) which does not fit into either the fast or the slow component. TEA
completely inhibited the tail current which verifies the role o f

Ikv

since the

Iahp

has already been

blocked by Co**.

4.6.4.
NO generating compound modulate the membrane properties of prevertebral
sympathetic CG neurons in vitro
NO and CGRP are potent vasodilators (Brain et al., 1985; Holzer et al., 1995; Ma &
Szurszewski, 1996), they have excitatory effect onto sympathetic neurons. The effects o f these
neurotransmitters on arterial and venous neurons are not known. In order to understand sensory
neurotransmitters that affect the sympathetic neurons, SNAP as a NO generating compound was
used with cultured CG neurons.
This study demonstrate that the NO-donor SNAP produced an inward current shift in the
majority (89%) o f cultured dissociated guinea-pig celiac ganglion neurons. This action o f SNAP
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is mediated via NO since the response is abolished by prior exposure to the NO-scavenger,
reduced hemoglobin and via a decrease in neuronal potassium conductances because it is
blocked by intra- and extracellular cesium and it is sensitive to changes in the extracellular
potassium concentration.

The SNAP-induced inward current shift is mediated through an

inhibition o f after-hyperpolarization currents since apamin, charybdotoxin or TEA attenuated the
response; a combination of apamin and TEA is required to block the response. Blockade o f I a h p
by cobalt unmasked a SNAP-induced outward current shift. Abolition by hemoglobin indicated
that this outward current shift is similarly mediated via NO, and sensitivity to extracellular
cesium implied an involvement o f potassium conductances.

Application o f 4-AP (Im M )

reduced this outward current shift. Low concentrations o f 4-AP inhibit both the Ia (Beiluzzi et
al., 1985a) and the

I kv

(Marsh & Brown, 1991). The A-current, however, is

u n lik e ly

to have any

role in the SNAP-induced responses since SNAP induced an inward current shift in conditions in
which Ia would be inactivated. Conversely, the outward current shift induced by SNAP in the
presence o f cobalt could be mediated through activation o f

Ikv-

In the absence o f cobalt, 4-AP

increased the SNAP-induced inward current shift implying that SNAP simultaneously inhibits
Iahp

and activates

Ikv-

This activation o f Ikv might provide an explanation for the observation that SNAP
increases the amplitude o f AHP in tonic neurons. The effect o f SNAP on the elevation o f AHP is
blocked by Co** and Ba** suggesting that the increases in AHP might be a function o f the
since AHP and

Ik v

I kv,

have a similar time scale and voltage range.

The 4-AP block o f the SNAP induced outward current shift suggests that the effect o f
SNAP is via the

I kv

channel.

Gi

protein-coupled receptors can activate and/or inhibit

K+

channels

via direct coupling o f the G protein to the K+ channel or by indirect modulation via protein
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kinases or phosphatases (Kang et a l, 1994). In Xenopus oocytes, the amplitude o f Ikv can be
enhanced which is via a tyrosine kinase-containing signaling pathway (Huang et a l, 1993). In
guinea-pig cardiomyocytes, the enhancement is IP 3-mediated (Habuchi et al., 1992) and is
directly coupled with membrane-delimited G protein pathway by guanine nucleotides
mechanism (Freeman & Kass, 1992). In rat cultured neonatal hypothalamic neurons, this
phenomenon is via protein phosphatase (Kang et al., 1994).
NO enhances neuronal excitability by inhibiting calcium-dependent potassium currents in
hippocampal slices (Erdemli & Kmjevic, 1995), in chick ciliary ganglia (Bennett, 1994), and in
rat thermosensitive neurons in laminae X (Schmid et a l, 1997; Schmid & Pehl, 1996). Also NO
activates the

Ikv

o f rat pulmonary artery (Zhao et al., 1997). However, this is the first report o f

nitric oxide mediating a simultaneous activation (o f IKv) and inhibition (of

I Ah p )

o f potassium

conductances in the same neuron or tissue.
Few studies have been undertaken to assess the actions o f NO in sympathetic ganglionic
neurons. Intracellular recordings have been made from the mouse superior mesenteric ganglion
in vitro where NO is proposed to act to modulate slow synaptic transmission by inducing a
membrane hyperpolarization in the majority (64%) o f neurons, although a small number o f
neurons (8%) respond with a membrane hyperpolarization followed by a depolarization (Mazet
et a l, 1996). These results differ from those employing intracellular recordings which may
reflect the influence that the synaptic inputs present in intact ganglia may have on neuronal
excitability and behavior, reflected in the differing neuromodulatory actions o f NO. A similar
neuromodulatory role for NO has been proposed in pancreatic ganglia o f the cat, where both NO
and the NO donor, SNP, evoked a neuronal membrane hyperpolarization as well as initiating fast
excitatory postsynaptic potentials (EPSPs) in the majority o f neurons recorded from (Sah &
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McLachlan, 1992).
This study indicated that SNAP exerted little influence upon neurons at resting membrane
potentials. The mean resting membrane potential (Em) for all dissociated neurons, both phasic
and tonic, is -50.1±0. lmV. This compares favorably with a value for Em o f -54±0.9mV for intact
celiac ganglion neurons (Kreulen & Szurszewski, 1979a) implying that Em does not alter
significantly following dissociation and culture.

SNAP-induced an inward current shift only

when neurons are depolarized to potentials less negative than -60mV. At the average resting
membrane potential (-50.1±0.9 mV), the NO donor, SNAP, produced only a 24±5.4 pA inward
current shift. This would suggest that in the absence o f any other depolarization, endogenous
release o f nitric oxide would have little effect upon the prevertebral neurons.
If, however, the neuron is depolarized by any means other than inhibition o f
nitrergic input would inhibit the after-hyperpolarization currents.

I Ah p ,

then the

These calcium-dependent

potassium currents hyperpolarize the neuron following either a burst o f action potential firing or
a single action potential o f duration sufficient to raise intracellular calcium levels and act to limit
action potential firing frequency by increasing the neuronal refractory period (for review see
(Adams & Harper, 1995)). Inhibition o f this current by NO would tend to limit the neuronal
hyperpolarization following action potential firing, decreasing the refractory period resulting
either in an increased ability o f the neuron to fire action potentials or an increased frequency o f
action potential burst firing.
If the prevertebral sympathetic neuron is depolarized but the Iahp already decreased or
inhibited, then the predominant effect o f the nitrergic input would be to activate Ikv- Such a
delayed outward rectifying potassium current terminates the action potential and may make a
significant contribution to the after-hyperpolarization following the action potential (Adams &
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Harper, 1995; Marsh & Brown, 1991) (for review see (Adams & Harper, 1995)). Activation o f
this current by NO would tend to offset the existing CG neuronal depolarization, thereby
reducing its excitability.
NO might have an important impact on the function-specific pathway in guinea-pig
mesenteric vein. A primary sensory axon reflex from the mesenteric vein facilitates presynaptic
input (K eef & Kreulen, 1986) that supports the sensory modulation o f venous neurons. The
venous neurons receive denser innervation from primary NO-IR fibers and the excitatory effect
o f NO on sympathetic neurons might help to keep the venous neurons in a relatively depolarized
state and venoconstriction might be more accelerated than that o f arterial vasoconstriction.
Therefore, the artery and vein might be controlled individually with respect to the primary
sensory input. Thus, there might be more NO released and contribute to the venoconstriction,
only low frequency is sufficient to activate the venous neurons but not arterial neurons. By
consequence veins constrict but arteries can not. I f the inward rectification would set a lower
threshold for arterial neurons, the NO might also provide a lower threshold for venous neurons.
In addition, at the postjunctional level, the neurotransmitters ATP and NPY facilitate arterial
vasoconstriction. The combined mechanisms make veins contract at lower frequency than
arteries. Overall the vascular neurons would be more depolarized than visceral neurons. It would
be very interesting to record and compare those identified neurons in intact ganglia.
The findings that separate group o f neurons innervate guinea-pig mesenteric arteries and
veins substantiated the idea that there are function-specific pathways in the prevertebral
autonomic nervous system. It could be speculated that in vivo, the splanchnic veins response at
the earlier stage o f extreme stimuli, for example, a hemorrhage or an emotional event, to increase
the end-diastolic blood volume. Therefore, cardiac output will be increased to meet the demand.
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If the stimuli will be further elevated, the splanchnic arteries then will contract due to the higher
sympathetic discharge and provide sufficient blood supply to the important organs, such as brain,
heart and kidney, and the redistribution o f the blood occur. Since the veins are capacitance
vessels and vasoconstrict at much lower sympathetic discharge rate than that o f arteries, it could
be that the venoconstriction is one o f an initial factors o f hypertension.

4.7. Summary: arterial neurons and venous neurons have their own function-specific
pathway.
Within the guinea-pig IMG, there is a viscerotopographic organization o f arterial and
venous neurons. The arterial and venous neurons are all tonic neurons. Compared to venous
neurons, arterial neurons contain NPY (18%), show higher incidence o f inward rectification, and
receive less innervation from primary sensory NO-containing fibers. The venous neurons do not
contain NPY, the NO-IR innervation is the only primary sensory source. Compared with
nonvascular neurons, arterial and venous neurons have a higher incidence o f

IA

and less primary

sensory innervation. Primary sensory neurotransmitter NO has an excitatory effect on
prevertebral neurons in vitro. The distinct location, different neurochemical phenotype, certain
membrane characteristics, and dissimilar primary sensory innervation o f the arterial and venous
neurons might contribute to the diverse neurogenic responses in arteries and veins. The
differences o f tonic firing and NPY-IR are not only in light o f the different functional properties
between subclasses o f neurons (i.e. vascular and nonvascular neurons and arterial and venous
neurons), also differences put new importance on the sampling o f neurons for either anatomical
or electrophysiological studies. The SNAP inhibits

Iahp

and facilitates

I KV

o f dissociated CG

neurons suggest that NO released to the prevertebral neurons might increase the excitability-state
of the cells.

164

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

IMG

MESENTERIC

MESENTERIC
ARTERY
INTESTINE

Enteric
Neurons

SPINAL
CORD

Figure 4- 1. “Selected”
aspects o f innervation in guinea-pig
mesenteric mesenteric vascular and intestine.
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ABSTRACT
IDENTIFICATION AND CHARACTERIZATION OF SYMPATHETIC NEURONS
THAT INNERVATE MESENTERIC ARTERY OR VEIN IN THE GUINEA-PIG
By Zhongling Zheng

Guniea-pig inferior mesenteric ganglion (IMG) neurons that innervate artery or vein were
separate neurons and there was no double labeling (Fluorogold and rhodamine beads) in the
labeled neurons. The arterial neurons located in the central part o f the IMG whereas venous
neurons located peripherally. The cross-sectional area o f total somata o f arterial neurons was
smaller than those o f venous neurons which were smaller than unlabeled neurons. NPY-IR was
found in 18% o f arterial neurons, but not in venous neurons. All o f the labeled vascular neurons
fired tonically using whole cell patch-clamp recordings.
All three types o f neurons received a capsaicin-sensitive primary sensory innervation (50 to
75%) whicl contained immunoreactivity for calcitonin gene-related peptide (CGRP), neuronal
nitric oxide synthase (NOS) and substance P (SP). CGRP and SP immunoreactivity was less
dense around arterial and venous neurons compared to its density around unlabeled neurons.
NOS positive innervation around venous neurons was denser than around artery neurons and all
o f it was o f primary sensory origin.
A nitric oxide (NO) donor, S-nitrosoacetylpenicillamine (SNAP), induced a concentrationand voltage-dependent inwardly directed shift in holding current (inward current shift) in 89% o f
neurons tested on cultured dissociated guinea-pig celiac ganglion (CG) neurons. The inward
current shift was sensitive to NO scavenger reduced hemoglobin, intra- or extra-cellular cesium
and the extracellular potassium concentration.

The SNAP-induced inward current shift was

mediated by a decrease in calcium-dependent potassium currents diminished by apamin

181

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

(lOOnM), charybdotoxin (lOnM) or tetraethylammonium (TEA; 5mM) and abolished by a
combination o f apamin and TEA. In the presence o f extracellular cobalt, SNAP produced an
outward current that was concentration- and voltage-dependent, sensitive to reduced hemoglobin
and extracellular cesium, and was reduced by 4-aminopyridine (4-AP; ImM). In the absence o f
cobalt, 4-AP increased the SNAP-induced inward current shift.
The data indicate that IMG neurons projecting to mesenteric blood vessels can be
distinguished from one another by their location, by the soma cross-sectional area, by the
distribution o f NPY-IR, by their firing pattern, and by primary sensory innervation. NO inhibited
the after hyperpolarization (AHP) and activated the delayed rectifier ( I k v ) o f CG neurons.
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